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ABSTRACT 

Approximately one thousand  electrode - organic  electrolyte  combinations  have  been 
characterized  relative  to  their  use as rechargeable  battery  systems,  using the  method 
of cyclic  voltammetry.  Electrode  systems  consisted of silver,  copper,  nickel,  cobalt, 
zinc,  cadmium,  indium,  iron,  molybdenum,  chromium,  manganese,  vanadium,  lithium, 
calcium,  and  magnesium. In general,  the  most  promising  positive  metals  were  silver, 
copper,  zinc,  cadmium,  and  indium.  A  large  majority of the  nickel,  cobalt,  and  iron 
systems  exhibited no discharge  peaks  at all, and in most  cases  negligible  discharge 
current. Twenty-four  recommended systems  comprising  silver,  copper,  zinc, and 
c a d m i u m ,  were  further  characterized by constant-current  charge  and  discharge of 
sintered  electrodes. 
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FOREWORD 

The research  described in this  report was conducted by the  Whittaker 
Corporation  under NASA contract NAS 3-8509 with Mr.  Robert B. King, of the 
Lewis  Research  Center, as NASA Project  Manager. The report was origi- 
nally  issued as Whittaker  report WRD-392. 
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SUMMARY 

Cycl ic   vo l tammetr ic   measurements   have   been   appl ied   to  the screening of 

940 individual   e lectrochemical   systems in organic  electrolytes.   Using 

this  technique  for the electrochemical   cxaracter izat ion of so many  sys tems 

at the  molecular  level of the  e lectrode  react ion,  it was  therefore   possible  

to  el iminate  hundreds of electrode  -electrolyte  combinations  from  further 

consideration as potent ia l   systems  for   high  energy  densi ty   bat ter ies .  

Fu r the rmore ,  the program  resu l ted   in  the selection of a l imited  number of 

s y s t e m s  that have  been  recommended  for   fur ther   character izat ion  and  cel l  

development  into  practical  high  energy  density  rechargeable  battery syJ-  

t e m s .  

Despi te   the  large  number of systems  screened,   i t   should be noted  that  ob- 

viously  not all possibil i t ies  have  been  covered. In t e r m s  of the  electrolyte,  

the  program  was  l imited  to   four   solvents  of known desirabil i ty as organic 

e lectrolyte   media ,   and  twenty- three  solutes ,  a number of which  have  already 

been  demonstrated as being  advantageous.   The  thirty-one  electrode  ma- 

terials, however ,   represent  a ra ther   comple te   survey  of electrode  choice.  

Throughout  the  program  particular  emphasis  was  made on the  chemical 

character izat ion of all mater ia l s   p r ior   to   the   e lec t rochemica l   charac te r -  

ization of the sys tems.   I t   was   cons idered  that within  the  limits of p rac t i -  

cabi l i ty   this   was  an  important   factor ,   consider ing  the  molecular   complexi ty  

of org_anic-inorganic  solutions. As a result ,   confidence  in  the  significance 

of the  data  was  established,  and  the  reproducibility of the  cyclic  voltammo- 

grams  was   sa t i s fac tory   except   in  the few  cases   represent ing  very  unstable  

systems.   The  effect  of water  on the  vol tammograms  was  determined  by 

the  deliberate  addition of known  amounts  to  nonaqueous  solutions.   For  some 

systems  the  effect   was  pronounced,  while  for  others,   amounts  up  to 3000 ppm 

had  no  apparent   effect   on  the  sweep  curve  character is t ics .  
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Although  measurements   were  made at 200 ,  80, and 40  m v / s e c ,  the s y s t e m s  

were  evaluated  re la t ive  to   each  other  at the lowest   sweep rate. According 

to   theory  and  confirmed  experimental ly ,   peaks are better  defined  in terms 

of be ing   more   nar row  and   less   d i sp laced   f rom  each   o ther  (i.  e.  anodic  to 

cathodic),   making  evaluation by comparison of the  systems  more  concise .  

For   meaningful   comparison of the   very   l a rge   number  of cyclic  voltammo- 

g r a m s ,   u s e   w a s   m a d e  of cer ta in   parameters   def ining  the  pr imary  character-  

i s t i c s  of the  curves .   Peak  height ,   separat ion,   and  enclosed  area  were 

chosen as being  indicative,  in a relat ive  manner ,  of electrode  activity,  

charge  -discharge  voltage  separation,  specific  capacity,   and  charge-discharge 

efficiency.  The  slope of the  ascending  portion of the  peak is a measu re  of 

the  extent of activation  polarization,  while  the  descending  branch  reflects 

the rate of depletion of the  avai lable   anions.   There  was  no  need  to   measure 

these  however ,   s ince  the  overal l   effect  is  shown by the  height,  separation, 

and  area of the  peaks. 

876 posi t ive  e lectrode-electrolyte   systems  were  screened.   These  consis ted 

of the  oxides,   chlorides,   and  f luorides of s i lver ,   copper ,   n ickel ,   and  cobal t ,  

the  chlorides  and  f luorides of z inc,   cadmium,  indium,  and  i ron,   and  molyb-  

denum,  chromium,  manganese,   and  vanadium  metals.  Of this   number ,  2 1 7  

systems  caused  amplifier  voltage  overload as a r e s u l t  of a combination of 

high  solut ion  res is t ivi t ies   and  appreciable   current   densi t ies ,   or  by high 

cur ren t   dens i t ies   a lone .   The   former   usua l ly   occur red   in   so lu t ions  of B F  

PF5, and  the  magnesium  or  calcium salts of the  complex  fluorides. In 

general ,   s i lver ,   copper ,   z inc,   cadmium,and  indium  systems,   showed a 

grea ter   p ropor t ion  of high  or  appreciable  currents.   An  overwhelming 

major i ty  of the  nickel,   cobalt ,   and  iron  systems  exhibited  no  discharge 

peaks at a l l ,   and   in   mos t   cases   negl ig ib le   d i scharge   cur ren t .  On the  other 

hand,  only a smal i   percent  of the  copper ,   s i lver ,   z inc,   and  cadmium  sys-  

tems  fa i led  to   show a discharge  peak.  The  fact   that   only a l imited  number 

3 ’  
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of nickel ,   cobal t ,   and  i ron  systems  caused  instrument   overload is due to  

the v e r y  low or   negl ig ib le   cur ren ts   for  these sys t ems .  

The  magnitude of the specific  charge  capacity  was  interpreted as a n   i n -  

dication of the  formation of a more   dense   ( compac t )   o r  less dense  anodic 

product .   Support   for  this belief  came  from  cyclic  voltammetry of 'a given 

system  having  varying  solute   concentrat ions.  It was  suspected that a less 

dense,   spongy  anodic  product  was  associated  with a h igher   ra te  of solu- 

bil i ty.  

A total  of 64 systems  involving  l i thium,  calcium,  and  magnesium  elec- 

t rodes,   was  screened  by  cycl ic   vol tammetry.   Only  f ive of the 17  lithium 

systems  exhibited  both  charge  and  discharge  peaks,   but  with  large  peak 

separat ions.   In   near ly  all cases ,   nei ther   magnesium  nor   calcium  exhibi ted 

charge  peaks,   and the charge  currents   were  negl igible   or   non-exis tent .  

Twenty-four   systems  were  chosen  for   fur ther   character izat ion by means  

other  than  voltage  sweep.  Constant  current  charge  and  discharge  measure- 

ments   were  made on s intered-type  e lectrodes.   The  purpose of this   effor t  

was  to   measure  the  discharge  capaci ty  as a function of charge  input,  and  to 

provide  information  on  uti l ization  efficiency  and  system  reversibil i ty as in- 

dicated  by  the  voltage  separation  between  charge  and  discharge  plateaus. A s  

a r e s u l t  of this   fur ther   character izat ion,   seven  systems  were  recommended 

for  cell   development.   These  were  si lver  oxide  in  butyrolactone - LiCl t A1C13, 

copper  fluoride  in either dimethylformamide o r  propylene  carbonate - L i P F 6 ,  

copper  chloride  in  propylene  carbonate - LiC104,  zinc  in  dimethylformamide - 
KPF6,   cadmium  in   dimethylformamide - LiC104,  and  si lver  difluoride  in 



propylene  carbbnate - LiBF4. 

An  emphatic  point  to  be  made is that the  original  recommended 24 s y s t e m s  

were   chosen  by se t t i ng   an   a rb i t r a ry   s t anda rd  of high  discharge  current  

densit ies  and  low  peak-to-peak  separations.   I t  is likely  that of the  other  

sys t ems   measu red ,  a number  having  lower  discharge  current   peaks  or  

s l ight ly   larger   peak  separat ions  would  a lso  be  sui table   candidates   for  

fur ther   character izat ion.   This  is a reasonable  expectation  based on  the 

ve ry   l a rge   number  of sys tems  sc reened .  

I t   was  not  the  intent of the  program  to   obtain  any  mechanis t ic   information 

regarding  the  e lectrode  -e lectrolyte   systems.   The  purpose,  as s ta ted ,  

was  to  conduct a rapid  yet   systematic   screening of many  sys tems.   This  

was  accomplished  with  the  above  resul ts .   Certain  points   s tand  out   in  

c l a r i t y .   The re  is much  hope  for a number  of s i l ve r   and   coppe r   sys t ems .  

T h e r e  is l i t t le   hope  for   nickel   and  cobal t   systems.   New  candidates   such as 

zinc,   cadmium,  and  indium  have  made  their   appearance.  

Another  fact   made  evident is the   g rea t   u t i l i t a r ian   aspec t  of the method of 

cycl ic   vol tammetry  for   e lectrochemical   character izat ion of potential   battery 

candidates.   I t   has  become  apparent  that   when  applied  to a l imited  number 

of systems,  the  voltage  sweep  technique is capable of more  ful ly   descr ibing 

a sys t em  in   t e rms  of its macroscopic   p roper t ies .  



I. INTRODUCTION 

The   la rge   number  of e lec t rochemica l   sys tems  tha t   can   be   cons idered   for  

possible  application  in  nonaqueous  high  energy  density  batteries,  together 

with  the  variability of plate  fabrication  and  its  consequent  effect on cel l  

performance,  involves  the  screening of thousands of combinations.   Previ-  

ous  work  (Ref. I) has  indicated  that  30 solvent-solute  systems  exist  having 

sufficient  conductance  to  be  considered as electrolytes  for  high  energy der+- 

s i ty   bat ter ies .   Using  these  e lectrolytes ,   the   screening of 10 cathode  mate-  

rials compris ing  plates   fabr icated  according  to   four   types of binders,  five 

var ia t ions of mix   ra t io ,   th ree   s in te r ing   tempera tures ,   th ree   s in te r ing   t imes ,  

and  three  values of plate  compression,  involves  the  testing of 162, 000 c o m -  

binations.  This  does  not  consider  other  determining  factors of plate   fabr i -  

cation.  It is apparent  that  a logical  and  systematic  screening  procedure is 

required  to  choose  from  the  many  electrode-electrolyte  combinations 

those  having  the  most  promise  for  development  into  practical   high  energy  den- 

s i ty   bat ter ies .  

The  screening  problem  can be resolved by considering  that  even  though  the 

per formance  of any  battery  depends on a multitude of factors,   they  can all 

be  grouped  into  the  following: 

Molecular   Level   Factors  

T h e s e   a r e   t h e   k i n e t i c   a n d   m a s s   t r a n ~ f e r   f a c t o r s   r e l a t e d   t o   t h e  

electrode  processes   that   determine  the  ini t ia l   avai labi l i ty  of energy. 

P la te   Level   Fac tors  

These   a r e   t he   s t ruc tu ra l   f ac to r s   necessa ry   t o   t he   p rac t i ca l  

operation of the  battery.  
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In   essence,   the   ini t ia l   re lease of energy  is at the  molecular   level  of the 

charge- t ransfer   reac t ion   and   t ranspor t  of react ive  species .  If the  e lectrons 

cannot  be  removed  from  the  anode at a useable   ra te ,   and   a t   the   same  t ime be 

taken  up at the  cathode at a useable rate, the  system  warrants   no  fur ther   con-  

sideration.  The  magnitude of the  reaction  rate  constant,   number of e lec t rons  

involved  in   the  charge  t ransfer   react ion,   mass   t ransfer   effects ,   and  magni tude 

of energy  loss ,  a r e   t hose   f ac to r s  at the  molecular  level  which  init ially  deter-  

mine  the  availability of energy.   Molecular   level   screening  chooses   those  sys-  

tems  having  the  most  desirable  electrochemical  properties.   Whether  these 

systems  wil l   have  any  promise  in   an  actual   bat tery  can  only  be  determined 

by a ce l l   deve lopment   p rogram  a t   the   p la te   l eve l .  

The  various  techniques of plate  fabrication  methods , such as pasting,  molding, 

s inter ing,   e lectro-   and  chemoformation,   wi l l   determine  the  actual   cel l   per-  

formance.  Plate  porosity  and  surface  availabil i ty  are  dependent on the  spe- 

c i f ic   methods  used for  plate  fabrication,  and  are  t ied  in  with  the  type of binder 

and  vehicle  employed.  The  proper  choice of  the  mix  ratio,  involving  these 

with  the  active  material  and  the  conductive  diluent, is essential   to  optimum 

ce l l   per formance .  

In order   to   properly  screen  an  e lectrode-electrolyte   combinat ion  i t  is nec-  

e s s a r y   t o  do so in  the  absence of such  considerations as method of p la te   p re-  

parat ion,   addi t ives ,   separators ,   e tc .  In other  words,   the  screening  must be 

done  under  conditions  dist inguishing  those  factors  that   determine  the  efficiency 

at the  molecular   level  of the  reaction  from  those  imposed  upon  i t  by  the r equ i r e -  

ments  of plate  composition. If this is not  done,  or i f  the  screening is p e r -  

formed  solely  a t   the   plate   level ,   then  an  a t tempt   to   determine  opt imum  plate  

conditions  for  those  couples  that  do  not  posses  the  basic  electrochemical  re- 

qu i rements   represents  a wasted  and  futile  effort.  In  addition  the  elimination 

of desirable   e lectrochemical   couples  is made  possible  because of the  unfor- 

tunate  choice of mix   r a t io ,   pa r t i c l e   s i ze ,   b inde r ,   o r   o the r   va r i a t ions .   P re -  

, 
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l iminary  screening at the   molecular   l eve l   permi ts   the   sys temat ic   and   rap id  

elimination of the  e lectrochemical ly-undesirable   systems,  so that a m o r e  

thorough  investigation of the  promising  systems  can  be  made at the  plate 

level.  

Choice of a Molecular  Level  Screening  Technique 

The  voltage  sweep  technique  (also  variously  known as sweep  vol tammetry,  

tr iangular  voltage  sweep,  l inear  potential   scan  voltammetry) is par t icu lar ly  

suited  to  the  electrochemical  characterization of e lectrode-electrolyte   sys  - 
t ems   i n  a molecular   level   screening  program.  Inherent   in   this   s ingle   tech-  

nique is the  abil i ty  to  obtain  information  as  to  the  extent of e lectrode  polar-  

ization,  reaction  potential,  charge  -discharge  efficiency,  reaction  complex- 

ity,  solvent  decomposition,  surface  passivation,  and  separation of individual 

discharge  steps  with  their  relative  efficiency.  Although  the  instrumentation 

is complex,  the  technique is simple  and  rapid - necessa ry   r equ i r emen t s  for 

a s cre  ening  technique . 

The  measuring  technique  used  in  these  studies wi l l  be re fer red   to  as Cyclic 

Vol tammetry ,   inasmuch as it  involves  the  characterization of sys t ems   fo r  

secondary  bat tery  appl icat ion,  so that a single  voltammogram  will  exhibit 

both  the  charge  and  discharge  reactions. 

Simply  descr ibed,   cycl ic   vol tammetry is a procedure  by which 

the  voltage is varied  continuously  in a l inear   manner   in   an  unst i r red  solut ion 

using a s ta t ionary  microelectrode.   Basical ly ,  a linearly  varying  voltage is 

applied  between  the  working  and  reference  electrodes  over a given  range. 

This  voltage is a triangular  function of t ime  and is supplied by a function 

generator.  Since  the  voltage  applied  to  the  cell  varies  linearly  with  time, 

the  X-axis  corresponds  to  ei ther  voltage  or  t ime  units.   Variations of the 

current  f lowing  between  the  working  and  counterelectrodes  are  followed by 
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means  of a su i tab le   recorder .   The   cur ren t -vol tage   (cur ren t - t ime)   curve  

is character ized  by  peaks  resul t ing  f rom  the  opposing  effects  of increasing 

r a t e  of e lec t ron   t ransfer   and   deple t ion  of the  electroactive  species.   With 

appropriate  instrumentation  the  sweep  rate (rate at which  the  applied 

voltage  changes)  can be var ied   over   any   des i red   range .   This   a l lows   in te r -  

pretation of t he   cu rves   i n   t e rms  of both  reaction  and  diffusion  rates  at   vari-  

ous  appl ied  vol tages   and  scan  ra tes .   The  processes   can  be  separated as to 

type  by  comparison of the  area  under   the  current- t ime  plots  as a function of 

sweep  rate.   Information  regarding  the  mechanism of the  var ious  processes  

can be derived  from  the  slope of the  current   r ise .   Integrat ion of the   a reas  

enclosed by the  peaks  gives a m e a s u r e  of depth of material   conversion,  while 

compar ison  of the  anodic  and  cathodic  peak  areas  gives  the  charge-discharge 

efficiency.  Decomposition of the  solvent is made  evident by the  appearance 

of peaks due  to  solvent  oxidation  or  reduction. 

InterDretation of Cvcl ic   Voltammoerams 

Cyclic  voltammetry  has  been  extensively  used  in  electroanalysis  and  the 

determination of react ion  mechanisms  for   the  oxidat ion  and  reduct ion of 

soluble  species  both  organic  and  inorganic.  Mathematical  relationships 

have  been  derived  relating  the  electrode  kinetic  parameters of such   sys tems.  

Nicholson  and  Shain  (Ref. 2 )  review'  developments  in  this  area  and  have  ex- 

tended  the  theory  to  include  additional  kinetic  cases  (Refs.  2-5).  Cyclic 

voltammetric  data  have  been  quali tatively  analyzed  for  platinum  electrodes 

in  the  case of the  electro-oxidation of organic  compounds  (Refs.  6-14). 

Within  the  broad  application of cyc l i c   vo l t ammet ry   such   pa rame te r s   a s  

peak  current,   peak  potential ,   and  sweep  rate,   have  been  related  to  con- 

centration of the react ive  species   for   s ingle   scan  (Ref .  1 5 )  and  multicycle 

sweeps  (Ref .  2 ) .  Equations  have  been  obtained  for  l inear,   cylindric,   and 

spherical   diffusion  in  sweep  voltammetry  (Refs.   2,  15). Analysis i 

s impler   for   l inear   diffusion,   However  i f  the  quantity 
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then  the  treatment of linear  diffusion is applicable  to  cylindric  diffusion. 

The  quantity r is the  radius of the  wire   e lectrode  in   cm. ,  D is  the  diffusion 

coeff ic ient   in   cm  /sec. ,  v is the  sweep  rate  in  volts. /sec. ,   and n is the 

number of Faradays .   For   the   sweep   ra tes   used   in  this work,  the  assumption 

of linear  diffusion is usually  applicable. 

0 
2 
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When  insoluble  films  form at the  e lectrode  surface,   the   ohmic  drop  through 

the  film  (the  thickness of which  theoret ical ly   var ies   as   the  inverse   square 

root  of the  sweep  rate)  will   have a marked  effect  on the  peak  current.  A 

drop  of 0.  100 volts  through a film of constant  thickness  will   decrease  the 

peak  current   to   71% of i ts   theoretical   value  (Ref.   15).   Under  actual  con- 

ditions of changing  film  thickness  and a non-linear  variation of res i s tance  

with  f i lm  growth,  the  deviation  is   probably  greater  than  for  the  example 

given. 

The  theoretical   derivation of kinetic  relationships  in  the  case of consummable 

electrodes,   or  electrodes  forming  insoluble  oxidation  products,  as for  those 

s y s t e m s  of interest   to  battery  application, is an  a lmost   impossible   task.  

The  changing  nature of the  electrode  surface  and  the  formation of s e m i -  

conducting  layers  makes  even a qualitative  analysis  more  difficult  than  for 

the  soluble  species - iner t   e lectrode  systems.   Nevertheless ,   the   cycl ic  

vo l tammetr ic   method  se rves  as a valuable  tool  for  the  rapid  screening of 

electrochemical  systems  in  evaluating  their   possible  use  in  nonaqueous 

ba t te ry   sys tems.  

In  the  case of an  e lectrochemical ly   revers ible   dissolved  species   react ing at 

an  iner t   e lectrode,   and  where  the  e lectrode  react ion is limited  only by m a s s  

t r a n s f e r  of ions,   the  cyclic  voltammogram  would  be  typified by  the  following: 

-&- e . g .   f o r  r = 0 . 0 6 4  c m ,  n i s  2 ,  v is 0.  04 v isec ,   and  E is 2 x 10 c m   i s e c  
(propylene  carbonate),  the  quantity is 0. 08. Less  viscous  solvents  give a 
value of 0 . 2  - 0. 3 .  

.b -6 2 
0 
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Dissolved   spec ies ,   revers ib le   (mass   t ransfer   l imi ted)  
. " 

The  scan   i s   in  a clockwise  dlrection  with  the  potential   becoming  more 

posit ive  towards  the  r ight.   For a homogeneous  reversible  reaction,  the 

peak  potential  (the  potential at the  peak  current)   depends  only  on  the  polar- 

ographic  half-wave  potential.  Where a solid  product is involved  however, 

the  peak  potential is a function of concentrat ion.   For  bot&  the r eve r s ib l e  

homogen-s reac t ion   and   revers ib le   so l id   p roduct   cases ,  the sweep  curve 

indication of concentration  polarization is charac te r ized  by  having  the  peak 

cu r ren t s  at close  to  the  same  potential ,   and  proportional  to  the  bulk  con- 

centrat ion as well  as to   the   square   roo t  of the  sweep  ra te .   The  s imple 

relationships of peak  potential ,   peak  current,   concentration,  and  sweep rate 

need  modification  when  considering  multi  -cycle  sweeps. 
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In   addi t ion,   s t i r r ing  great ly   increases   the  current .   Increasing  the  sweep 

rate has  the  effect  of increasing  the  distance  between  points A and B a t  

which the forward  and  re turn  port ions of the  curve  cross   the  zero-current  

axis .   Final ly ,   currents   re la ted  to   adsorpt ion  capaci t ies   are   negl igible   in  

comparison  to  the  diffusion  currents.  

An i r r eve r s ib l e   p rocess  would  exhibit  the  following  type of curve,  



in  which  the  peaks are consider.ably  displaced  from  the  ocv (E ) value  and 

f rom  each   o ther .  In general ,   the  distance  between  the  two  points (A and B ) ,  

where   the   curve   in te rsec ts   the   zero-cur ren t  axis, is a r e l a t ive   measu re  of 

the  concentration  polarization. 

0 

We consider  the  following  reaction, 

M + A - + M A + e -  

where  M is a sol id   metal   e lectrode,A- is a soluble  anion,  and MA is a r e l a -  

tively  insoluble  solid  product.  This  situation is therefore   schematical ly   re-  

p re sen ted   a s ,  

M 

Me tal 

MA 

Insoluble 
Compound 

A-  

Solution 

The  layer  MA is represented  as  having  some  finite  depth  since  prior  work 

at   Whit taker   has   demonstrated a thickness of a t   l ea s t  5 monolayers   exis t ing 

a t   so l id   e lec t rodes .   This   representa t ion   requi res   tha t   the  MA layer   a l so  

contains  some M spec ies .   Charge   t ransfer   may  therefore  be  possible  either 

a t   the  M-MA or   a t   the   MA-solut ion  interfaces .   Determinat ion of which  occurs 

involves  consideration of the   charac te r i s t ics  of the MA layer .   Curren t   mus t  

be  accompanied by transport   through  the MA phase of M,. M , o r  A-. It is 

generally  accepted  ( though  not  proven)  that   only M  and  M are   t ranspor tab le .  

In   metal-excess   types,   the   metal   a toms  are   assumed  to   migrate   inters t i t ia l ly  

with  e lectron  t ransfer   occurr ing  a t   the   MA-solut ion  interface.   The  e lectrons 

must   then  a lso  cross   the MA phase,  constituting a semiconductor   p rocess .  

In   metal-defect   mater ia ls ,  it is assumed  that   the  Mt  ion is the  migrating 

species   (via   defect   la t t ice   s i tes) ,   and  that   e lectron  t ransfer   occurs   a t   the  

"MA interface.   This  does  not  require  the  electron  to be c a r r i e d   a c r o s s  

t 

t 
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the MA layer .   The  act ivat ional   energy  losses   associated  with  e lectron 

t ransfer ,   e lec t ron   migra t ion   across   the  MA layer ,   and  migrat ion of M, M', 

o r   A-   ac ross   t he  MA laye r ,   mus t  be considered  together as one  since  they 

cannot be individually  measured. 

Because  charged  par t ic les   must   be  t ransported  across   the MA l ayer ,   the  

l a t t e r   ac t s   s imi l a r   t o  a resis tance  in   ser ies   with  the  chemical   react ion.  A 

voltage  loss  will   occur  across  this  f i lm,  and  will   be  proportional  to  the 

current   densi ty ,   the   f i lm  thickness ,   and  the  f i lm  res is t ivi ty .   The  effect ive 

res i s tance  of t he   l aye r ,   t e rmed   t r ans fe r   r e s i s t ance ,  is a more   complex  

parameter   than  solut ion  res is tance  s ince  i t  is a function of the  number of 

charge   car r ie rs .   These   have   an   uncer ta in   na ture   because   d i f fe ren t   phases  

of the  same  material   may  have  differing  semiconductor  properties,  so  that 

the  number of charge   car r ie rs   may  a l so   be  a function of the  current  density 

and  t ime  ( total   charge) .   The  f i lm  thickness   is   a lso a function of t ime  and 

cur ren t   dens i ty .   For  a solid  state  type of react ion  therefore ,   the   total   non-  

l inear  polarization  must  include  the  polarization  due  to  f i lm  transfer  re- 

s is tance  in   addi t ion  to   that   due  to   normal   mass   and  charge  t ransfer  at the 

solid-electrolyte  interface.   In  such a case ,   for  a re la t ively  revers ible  

system,  the  following  sweep  curve  would  be  obtained: 

Volts' 

Solid state reaction - revers ib le  
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F o r   i r r e v e r s i b l e   s y s t e m s   w h e r e   t h e   c h a r g e   t r a n s f e r   p r o c e s s  is l imiting, 

the  following  type of curve  will   result :  

Q) 
M 
k 
cd 
A u 

Volts 

The  re la t ively  small   d isplacement   between  points  A and B indicates  the  minor 

contribution of concentration  polarization  relative  to  the  transfer  f i lm  type of 

polar izat ion.   This   displacement   wil l   become  larger   with  increasing  concen-  

tration  polarization. 

Almost  all of  the  sweep  curves  obtained  during  this  program,  and  having 

both  anodic  and  cathodic  peaks,  exhibited  this  type of pattern  with  varying 

displacement of points A and B. The  fact   that   aqueous  systems  a lso  display 

the  solid  state  type of cycl ic   vol tammogram is shown  in  Figure.s 1 and 2 

for  si lver  oxide  and  mercuric  oxide  in  potassium  hydroxide,   these  two  repre- 

senting  typical  battery  posit ives.  
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Figure 1. 
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':Previous work at Whittaker  has  tentatively  explained  the  peaks as follows: 

Peak  Reaction Peak  Reaction 

D AgZO + Ago 

E Ago  Ag20 

F Ag20 - Ag 

Direct  formation of divalent  Ag  from  monovalent is not observed  during  the 
charge  sweep,  but  rather  the  formation of trivalent  (Ag 0 ) shown  by  peak 
B. This  disproportionates  rapidly  with  silver  to  form  &valent  (Ago),  which 
nucleates  the  oxidation of monovalent  to  further  Ago  (peak D). The  higher 
voltage  for  peak B causes  the  typical  spike  found  at  full  charge of the 
monovalent  Ag.  Formation of divalent  Ag  during  conventional  charging 
corresponds  to  peak D, but  since Ag 0 formed  a t  B is essentially  con- 
verted to Ago,   the  area of B gives tfie qormation  capacity of the  divalent 
form. 

3 
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F igure  2. Cyc l i c   vo l t ammogram  fo r   mercu ry   i n  KOH 
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W i t h  only  one o r  two  exceptions all sys tems  sc reened   ind ica ted  the sol id  

state type of cycl ic   vol tammogram. A la rge   number  of systems  exhibited 

however,  a decrease  in  the discharge  peak area (with  respect   to  the charge 

peak area) with  decreasing  sweep rate. At  sufficiently  low  sweep rates, 

many  systems  fa i led  to   show  any  cathodic   current .   Apparent ly  the p ro -  

duct   formed  during the anodic  portion of the  sweep  was less ava i lab le ,   o r  

no  longer  existed at the  lower  sweep rates for  subsequent  reduction.  This 

would  be  explained  by  dissolution of the  anodic  product  in  the  electrolyte,  

and  due  to  convection  was  dissipated  throughout the bulk  solution, so  was 

not  available  for  reduction at the  working  e lectrode.   At   lower   sweep  ra tes ,  

a longer  time  would  have  elapsed  before  the  reduction  potential  would  have 

been  reached,  thereby  explaining  the  decrease  in  discharge  capacity  with 

decreasing  sweep rate. The  reduction  current,   due  to  the small amount of 

dissolved  mater ia l   remaining  a t   the   react ion  interface,   would  not   be  re-  

gistered  since  the  sensit ivity of  the X - Y  recorder   was  adjusted  to   accommodate  

the   excess ive ly   l a rge   cur ren ts   resu l t ing   f rom  the   anodic   reac t ion .  

In  confirmation of th i s ,   measurements   were   made   in  a few  cases  using a 

pyrolytic  graphite  electrode  in  used  solutions,   where  cyclic  voltammetry 

had  been  performed  on  systems  showing  the  effect  of a vanishing  discharge 

peak  with  decreasing  sweep rate. Discharge  currents   were  obtained  but  of 

two   o r   t h ree   o rde r s  of magnitude  lower  than  when  the  system  electrode  was 

run .  In these   ca ses ,   a l so ,  the discharge  coulombs  decreased  with  cycling, 

and  no  anodic  current  was  evident.  
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11. DISCUSSION O F  RESULTS 

A .  Introduction 

Cycl ic   vol tammograms  were  obtained  for  940 separa te   e lec t rochemica l  

systems  compris ing  four   solvents ,   twenty- three  solutes ,   and  thir ty-one 

e lec t rode   mater ia l s .   The   exceedingly   l a rge   number  of sys t ems   s c reened  

made it mandatory that a systematic  and  routine  procedure  be  adopted  for 

analysis  and  reporting of the  resul ts .   Analysis  of the  data as reported  during 

the  program  was  accomplished by dividing all systems  into  those  involving 

chloride  and  perchlorate  electrolytes,   and  those  involving  f luoride  electrolytes.  

Each  main  group  was  then  subdivided  according  to  the  identity of the  working 

electrode.   Each of these  subgroups  was  fur ther   broken down according  to 

the  identity of the  solvent  portion of the  solution.  The  cyclic  voltammograms 

were   then   d i scussed   in   t e rms  of the  total  solution.  Since a few  thousand  cyclic 

vol tammograms  were  obtained,  it was  impossible,   nor w a s  it necessa ry ,   t o  

reproduce all curves .  A s  it was ,  280  cycl ic   vol tammograms  were  reproduced 

in   the   quar te r ly   repor t s .  

Electrochemical   character izat ion of 940 separa te   sys tems  requi red  a sys tem 

in  which  parametr ic   data   der ived  f rom  the  cycl ic   vol tammograms  could be 

recorded  and  then  re t r ieved.   Such  data   detai led  information  regarding  the 

exis tence  or   absence of charge  or   discharge  peaks,   their   height ,  area, and 

separat ion.  

In  addition t o  the  derived  data  were  the  number of separa te   charac te r i s t ics  

merely  def ining  the  systems,   such as electrode  mater ia l ,   solvent ,   solute ,  

solute  concentration,  and  conductance.  Ideal  for  the  purposes of information 

s torage   and   re t r ieva l   was   the   use  of manually  punched  cards  which  could  be 

sorted,   also  manually,   by  needle  selection.  The  use of punch  cards  greatly 

faci l i ta ted  data   analysis   and  system  comparison.  It a lso  s implif ied  the  pre-  
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parat ion of tabular   da ta   for   repor t   p resenta t ion .  

Pr ior   to   p resenta t ion   and   d i scuss ion  of the  resul ts ,  it is first n e c e s s a r y   t o  

describe  in  more  detail   the  data  derived  from  the  cyclic  voltammograms. 

The   use  of these  cycl ic   vol tammetr ic   parameters   permits   the  evaluat ion  and 

d i rec t   compar ison  of the   e lec t rochemica l   sys tems,  It a l so   a l lows   the   re -  

porting of many  more   sys tems  wi th in   reasonable   l imi t s  of a r epor t   s i ze .  

B. Parameters   Der ived   f rom  Cycl ic   Vol tammograms 

Figure  3 shows a typical  cyclic  voltammogram.  The  sweep is in a clockwise 

direction,  the  potential   becoming  more  posit ive  to  the  r ight.   Posit ive  currents 

represent   anodic   react ions , and  negat ive  currents   represent   cathodic   react ions.  

In  the  case  of  positive  plate  materials,  this  orientation  corresponds  to  the 

charge  reaction  above,  and  the  discharge  reaction  below,  the  voltage  axis 

(X-axis) .  In the  case of negative  plate  materials,   this  corresponds  to  the 

discharge  and  charge  react ions  respect ively.   The  current  axis is in  units of 

m a / c m  , each  unit  being of variable  scale  depending  on  the  X-Y  recorder 

sensit ivity  sett ing.   The  voltage axis uni ts   are   re la t ive  to   the  ocv,  E , so  that 

vol tage  uni ts   are   in   terms of electrode  polarization. 

L 

0 

Except  in  those  cases  where  the  metal  is converted  to a cathodic  material  

pr ior   to   assembly  in   the  measuring  cel l ,   the   working  e lectrode is the  base 

metal   i tself .   During  the  voltage  sweep  the  metal  is oxid'ized  to  some  species, 

this  anodic  product  then  serving as the  cathode  which is subsequently  reduced 

during  the  cathodic  portion of the  sweep.  Each  sweep  cycle  thus  corresponds 

to a charge  -discharge  cycle.  

Analysis is based  on  the  cyclic  voltammograms  obtained  at   the  lowest  sweep 

r a t e ,  40 mv/sec,   except   where  addi t ional   information is required  f rom  the 

h igher   sweep   ra te   curves   to   a id   in   the   ana lys i s .  
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Figure 3 .  Useful parameters of cyclic  voltammogram 
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The  fo l lowing   parameters   a re  of significance: 

1 .  Peak  Current   Densi ty  

During  the  screening  program  the  peak  current   densi t ies   (both  anodic   and 

cathodic) of all systems  were  reported  re la t ive  to   one  another   according  to  

a peak  current   densi ty   range.   For   comparat ive  purposes   the  current   den-  

si ty  magnitude  was  classified  according  to  very  high  (more  than 300 m a / c m  ), 

high  (100-300  ma/cm ), medium  high  (50-100  ma/cm ), medium  low  (10-50 
2 2 

m a / c m  ), low (1-10 m a / c m  ), and  very  low  (less  than 1 m a / c m  ). For   t he  

purpose of this   report   only  those  systems  wil l   be   tabulated  whose  discharge 

current  densit ies  are  in  the  medium-high  or  greater  range, i. e.   those  having 

discharge  current   densi t ies  (at 40 mv/ sec )   g rea t e r   t han  50 m a / c m  . 

2 

2 2 2 
- 

2 

2 .  Peak-to-Peak  Separat ion 

This  value,  AV measured  in   mil l ivol ts ,   represents   the  dis tance  between  the 

peak  voltages of the  charge  and  discharge  reactions,   giving a qualitative 

m e a s u r e  of overal l   e lectrode  revers ibi l i ty .  In more   p rac t i ca l   t e rms ,  it 

gives a m e a s u r e  of suitability of the  e lectrochemical   system  for   secondary 

battery  application.  The  greater  the  separation of  the  peaks,  the  less  suit- 

able is the  system,  either  because of  the  greater  polarization of the  charge 

o r  the  discharge  reaction  or  both.   Since it was  not  practical   in a screening 

p rogram of this  nature  to  use  electrochemically  reversible  reference  elec- 

t rodes,   i t   was  not   a lways  possible   to   determine  whether   the  charge  or   dis-  

charge  reaction  was  the  more  polarized. In any  case  however,  a sys t em 

would  have  no  interest as a rechargeable   bat tery i f  AV were  significantly 

la rge .  

PY 

P 

3.  Specific  Capacity 

Integration of the  area  under   the  peak  gives   the  specif ic   capaci ty   in   cou-  

17 



2 
l o m b s / c m  . This  is obtained by the  following  calculation, 

2 A I  A X  
. cou l / cm = P 

v h  

2 2 
where  A is the   peak   a rea   in   cm , I is the  peak  current   densi ty   in   amps/cm , 

P 
AX is the XY recorder  range  sett ing  for  the  voltage axis in   vol ts lcm,  h is 

the  peak  height  in  cms,  and v is the  sweep  rate  in  volts/second. 

The  specif ic   charge  capaci ty   represents   the  amount  of mater ia l   converted  to  

the  oxidized  state  per  unit   area of electrode.  Similarly,   the  specific  dis-  

charge  capacity  is   the  amount of mater ia l   d i scharged   per   un i t   a rea  of e lec-  

trode.   Calculations of specific  capacity  are  possible  only  for  simple  well-  

defined  peaks. In many  cases ,  a peak  may be well-formed  with a sha rp  

ascending  portion,  and a sharp  descending  portion  unti l  a current  density 

value of 20-3070 of the  peak  value is reached,   af ter   which  the  current   f la t tens  

out  and  remains  at   this  value  unti l   the  maximum  scan is reached   and   re t raced .  

In  such  cases,  a choice  should  be  made as to   the  maximum  area  to   be  inte-  

grated,  being  confined  chiefly  to  the  sharp  peak  region. In  the  case of a 

charge  peak,   this  is equivalent  to  limiting  the  charge  voltage,  which is a 

s tandard  procedure.  If the  maximum  coulombic  input  chosen  represents 

m o s t  of the  total   charge  coulombs,  this  procedure is particularly  justif ied.  

4. Coulombic  Ratio 

This  is the  ratio of the  specific  discharge  capacity  to  the  specific  charge 

capacity,   thus  representing a charge-discharge  eff ic iency,   or   percent   ut i l -  

ization of the  charged  mater ia l .  
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C.  Repor t ing   Procedure   for   Present   Repor t  

The  procedure  descr ibed  above  for   report ing  the  resul ts   dur ing  the  program 

is not  appropriate  for a final  report   having  the  purpose of reporting  on  and 

summar iz ing   the   to ta l   p rogram.   Resul t s   and   d i scuss ion   for   th i s   repor t   wi l l  

therefore   be  categorized  according  to   the  metal   systems  compris ing  the  e lec-  

t rodes,   e .   g .   copper   systems  including  copper   metal ,   copper   oxide,   copper  

chloride,   and  copper  f luoride.  

Inclusion of a l l   the   tabular   data   for   940  systems,  as reported  in   the  quarter l ies ,  

would  result  in  an  excessively  bulky  report  having no particular  advantage.  

Therefore ,  as s ta ted   ear l ie r ,   t abular   da ta   re la t ive   to   the   cyc l ic   vo l tammetr ic  

cha rac t e r i s t i c s  wil l  be  reported  only  for  those  systems  exhibit ing a discharge 
2 

current   densi ty   greater   than 50 m a / c m   a t  a sweep  ra te  of 40 mv/ sec .   Th i s  

c o m p r i s e s  117 of the  total  940  systems.  Only  the  peak  current  densities  and 

the  peak  separation  will  be reported  for  all 117 systems.   Coulombic  ra t ios  

will   only  be  reported  for  those  systems  where  meaningful  peak  area  measure- 

ments   can be made,   and  where  the  values   serve a purpose.  

D.  Roster   of   Systems  Screened 

The   940   e lec t rochemica l   sys tems  sc reened   compr ised   four   so lvents ,   twenty-  

three  solutes ,   and  thir ty-one  e lectrode  mater ia ls .   Tables   1 ,  2 ,  3 ,  and 4 

l i s t  160 acetoni t r i le ,  148  butyrolactone,  341  dimethylformamide,  and  295 

propylene  carbonate  systems  respectively.  Solution  conductivities  are 

tabulated  in  Table 5. 

E .  Systems  Causing  Amplifier  Overload 

Cyclic  voltammograms  could  not be obtained  for 2 17 posi t ive  e lectrolyte   sys-  

t e m s  due  to  amplifier  overload  caused by a combination of low  conductivity 
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N 
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T.ABLE 1 

CHART O F  SYSTEMS  SCREENED 

ACETONITRILE 

LiCl 

A1C13 

LiCl t A1C13 

W C 1 2  

PF5 

LiC104 

KPF6  

LiPF 

LiPF t K P F  
6 

6 6 

BF3 

Mg(BF4I2 

LiBF4 

L i F  t MgFZ 

LiF t K P F  
6 

c u  CuO CuClz  CuF2  Ag  Ago  AgCl  AgFZ Ni NiO NiC12 N i F 2  

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X X 

X 

X X 

X 

X X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X X X 

X 

X X X 

X 

X X X 

X 

X X 

X X X 

X 

X 

X X 
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TABLE 1 (Cont'd) 

CHART O F  SYSTEMS  SCREENED 

ACETONITRILE  (Cont'd) 

A1C13 

LiCl t A1C13 

W C 1 2  

Mg(C104)2 

PF5 

LiC104 

KPF6 

LiPF6 

LiPF t K P F  
6 6 

BF3 
LiBF4 

LiF t KPF6 

c o   c o o  COCl CoF3 Z n  Cd Mo Mg Ca 
2 

X X X 

X X X X X 

X X X X 

X X X X X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X X 

X X 

X 

X 

X X 

X X 

X X 

X 



N 
N 

TABLE 2 

CHART OF SYSTEMS  SCREENED 

BUTYROLACTONE 

c u  CuO CuC12 CuF2 Ag A g o  AgCl  AgFZ  Ni  NiO NiC12 NiFZ 

LiCl  

A1C13 

LiCl  t A1C13 

%C12 

LiCl  t MgC12 

LiC104 

LiCl t LiC104 

A1C13 t LiC104 

PF5 

BF3 

K P F 6  

LiF t MgF 2 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X X X 

X 

X 

X X X 

X 

X 

X 

X 

X 

X X 



B UTYROLACTOT 

LiC 1 

A1C13 

LiCl t A1C13 

MgC$ 

LiCl t MgC12 

LiC104 

LiCl t LiC104 

KPF6 

B F  
3 

M U 2  

LiF t K P F  
6 

TABLE 2 (Cont'd) 

CHART O F  SYSTEMS  SCREENED 

E (Cont'd) 

c o   c o o  COCl CoF3 Z n  Cd Mo Li Mg Ca 
2 

X x 

X 

X X 

X X 

X X 

X X 

X X 

X X 

X 

X X 

X 

X X X X 

X 

X 

X 

X 

X 

X 

X X X 

X X X X X X X 

X 

X X X 

X X X X 

N 
W 



TABLE 3 

CHART O F  SYSTEMS  SCREENED 

DIMETHY  LFORMAMIDE 

lec t rodes  

LiCl  

A1C13 

LiCl t A1C13 

MgC12 

LiCl  t MgCIZ 

LiC104 

LiCl t LiC104 

A1C13 t LiC104 

PF5 
K P F 6  

LiPF 
6 

BF3 

Mg(BF& 

MgF2 

LiBF4 

LiF t K P F  
6 

c u  CUO CUCl2 CuFZ Ag Ago  AgCl  AgF2 N i  NiO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X. 

X 

X 

X 

X 

X X 

X 

X 

X X 

X 

X X 

X X 

X X 

X X 

X X 

X X 

X 

X X 

X X 

X 

X X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

x .  X 

X X 

X X 

X 

X 

X X 

X 

X 

X X 

X X X 

X X X 

X X 

X X 

X X 

X 

X X X 



T A B L E  3 (Cont 'd)  

CHART O F  SYSTEMS  SCREENED 

DIMETHYLFORMAMIDE (Cont 'd )  
lectrodes NiC12 N i F 2  Go COO CoCl CoF2  Z n  ZnF2  Cd  CdF2 

2 

, L i C l  

A1C13 

~ LiCl  t A1C13 

I 
L i C l  t MgC12 

C aC  l2 

LiC104 

L iCl  t LiClO 
4 

Mg(C104)2 

PF5 
K P F 6  

LiPF6 

Ca(PF6)2 

Mg(PF6)2 

BF3 

Ca(BF4)2  

Mg(BF4)2 

L i B F 4  

LiF t K P F 6  

X X X X 

X X X 

X X X X X 

X X X X 

X X X 

X 

X 

X X X X X 

X X X X 

X 

X 

X X 

X X X 

X X X 

X X 

X 

X X 

X X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 



TABLE 3 (Cont'd) 

CHART O F  SYSTEMS  SCREENED 

DIMETHYLFORMAMIDE  (Cont'd) 

LiC 1 

LiCl  t AlCl 
3 

rVlgCl2 

C aC l2 

LiC104 

LiCl t LiC104 

Mg(C104)2 

PF5 
K P F 6  

LiPF6 

Mo In   InF   Fe  F e F  C r  Mn V L i  Mg Ca  
3 3 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X X X X X X 

X X X X 

X 

X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X 

X X X X 

X X X 

X X 

X 

X X X X 

X X X X 

X 

X 

X X X X 

X X X X X X X 

X X X X 

X X X 



TABLE 4 

CHART O F  SYSTEMS  SCREENED 

PROPYLENECARBONATE 

c u  CuO CuC12 CuF3 Ag Ago  AgCl AgF2 Ni NiO 

A1C13 

LiCl t A1C13 

MgClz 

LiCl t MgCIZ 

LiC104 

PF5 
KPF6  

LiPFb 

BF3 
LiB Fq 

Mg(BF4)2 

X X X X X x i  
X X X X X X X X X X i 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X X X 

LiF t KPF6 X 



T A B L E  4 (Cont 'd )  

CHART  OF  SYSTEMS  SCREENED 

PROPYLENE CP 

A1C13 

LiCl  t A1C13 

MgC12 

LiCl  t MgC12 

CaCIZ 

LiC104 

L iCl  t LiC104 

A1C13 t LiC104 

Mg (C104 12 

PF5 
K P F 6  

LiPF6 

Ca(PF6)2 

Mg(PF6)2 

BF3 

Ca(BF4)2  

Mg(BF4I2 

L i B F 4  

LiF t K P F  6 

.BONATE  (Cont 'd) 

X 

X X 

X 

X 

X X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X X X 

X X X 

X 

X X X 

X 

X X 

X X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X X 

X X 

X X 

X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 



TABLE 4 (Cont'd) 

CHART O F  SYSTEMS  SCREENED 

PROPYLENE  CARBONATE  (Cont'd) 

LiCl t A1C13 

MgCl 2 
CaC12 

LiC104 

LiCl t LiC104 

A1C13 t LiC104 

Mg(C104)2 

PF5 
KPF6 

LiPF6 

Ca(PF6)2 

Mg(PJy2 

LiBF 
4 

Ca(BF4)2 

Mg(BF4)2 

Mo  In InF  Fe FeF3 C r  Mn V Li Mg Ca 
3 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

~~ 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X X X X X 

X X 

X 

X X X X X X 

X 

X 

X 

X X X 

X X X X X X 

X X X X 

X X X 

X 

X X X X 

X X X 

X X X 
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TABLE 5. ELECTROLYTE CONDUCTIVITY 

Solute 

LiCl (0 .  5 m )  

LiCl   (0 .75  m )  

LiCl  (1. 0 m )  

LiCl  (1. 5 m )  

LiC 1 (2. 5 m )  

A1C13 (0 .  5 m )  

A1C13 ( 1 . 0  m )  

LiCl t A1C13 ( 0 . 2 5  m )  

LiCl t A1C13 ( 0 .  5 m )  
\ 

MgC12 (0 .  5 m )  

LiCl t MgC12 ( 0 .  5 m )  

LiCl  t MgC12 (0.75 m )  

CaC12 (0 .25  m )  

LiC104 (0.  5 m )  

BL 

7. 6 x 

1 .3  x 10 - 3  

- 

- 

- 

1 . 1  x 

- 

- 

1 . 1  x 

1 .3  x 

- 

6. 3 x 

- 

- 

DMF 

7 . 7  x 

8 . 7  x 

9 .7  x 

9 . 4  x 

6.  6 x 

3.4 x 

- 

- 

1.0  x 

7 .7  x 

1.0  x 

- 

5 .3  x 

2.0 x 

PC 

- 

- 

- 

- 

- 
8.0 x 

- 

- 

7 . 1  x 

3 . 6  x l o m 3  

5.8 x 
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TABLE 5. ELECTROLYTE CONDUCTIVITY (Cont'd) 

Solute AN BL 
~ 

DMF 

, LiC104 (0.75 m )  3 . 0  x 1 .3  x 

LiC104 (1.0 m )  - - 
1 

I LiC104 (1. 5 m )  I 

LiC104 ( 2 .  5 m )  

LiCl t LiClO  (sat/O. 5 m )  
4 

' LiCl t LiClO  (sat/O.  75 m )  
4 

1 A1C13 t LiClO  (0.5 m )  
I 4 
' Mg(C104)2 (0 .5  m )  

Mg(C104)2 (0.75 m )  

- 8. 3 x 

- 1.7 x 

Mg(C104)2  (1.0 m )  

PF5 

PF5 

- 3 .3  x 10 -2  

(0.06 m )  

7 . 1  x 3.3 x K P  F6 (0.75 m )  

1.2 x 1 .5  x KPF6 (0.  5 m )  

- 2 . 2  x (0.  5 m )  

8 .  1 x - 

3 .4  x 

2 . 6  x 

2.6 x 

1 .4  x 

- 

1.8 x 

1.8 x 

- 

2 . 0  x 

- 

2 .1  x 

PC 

6 . 1  x 10 - 3  1 

- 

- I 
1.3 x 10 - 3  ~ 

5.6 x 

5 .5  x 

1.3 x 

- 

4 .5  x 
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TABLE 5.  ELECTROLYTE CONDUCTIVITY (Cont 'd)  

Solute 

KPF6  (1 .  0 m )  

KPF6  ( 1 . 5  m )  

KPF6  (1 .75  m )  

KPF6  ( 2 .  0 m )  

KPF6  ( 3 .  0 m )  

LiPF (0 .  5 m )  

LiPF t K P F  ( 0 . 5  m )  

6 

6  6 

Ca(PF6)2   (0 .25  m )  

Mg(PF6)2 (0.25 m )  

BF3 ( 0 . 5  m )  

LiBF4 (0.  5 m )  

Ca(BF4I2 ( 0 .  5 m )  

Mg(BF4)2  (0.25 m )  

MgF2 (0 .  5 m )  

J- 

AN 

- 

- 

- 

- 

- 

1 . 7  x 

4 . 3  x 

- 

- 

1.9  x 

1.6 x 

- 

B L  DMF 

2 . 4  x 

2 . 4  x 

1 .3  x 

2 . 5  x 

5 .8  x 

9. o x 

- 

5 . 8  x 

2 . 8  x 

1.6 x 

6 . 6  x 

1.9 x 

2.6 x 

2 . 2  x 
I 

I/ I 
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TABLE  5.  ELECTROLYTE CONDUCTIVITY (Cont 'd) 

Solute PC DMF BL AN 

LiF t MgF2 (0.5 m )  

7 . 1  x 1.7 x l o m 2  1 .6  x 3 . 6  x LiF t KPF6  (0.75 m )  

- - 7 . 1  x - LiF t KPF6  (0 .5  m )  

- - 4.6  x 1. o x 



and  re la t ively  high  currents ,   or   by  exceedingly  high  currents   a lone.   With 

few  exceptions,  overload  due  to  combined  low  conductivity  and  high  current 

occurred  with B F  and PF solutions  and  the  magnesium  and  calcium  com- 

plex  f luorides .   Where  the  current   densi t ies   were  within  the  capabi l i ty  of 

the  amplifier  ( less  than 4. 8 m a / c m  ), current   readings  were  indicated ori 

the   meter .   Table  6 lists those  systems  causing  instrument   overload,   and 

is restricted  to  systems  in  which  the  maximum  discharge  current  was  greater 

than 50 m a / c m  . This   represents   about  50% of the   sys tems  reg is te r ing   over -  

load.  The  remaining  systems  generally  gave  negligible  discharge  currents,  

the  overload  condition  being  due  to  the  anodic  (charge)  current.  Those  indi- 

cating  negligible  discharge  currents  were  predominantly  nickel  and  cobalt  

sys tems,   and  a l imited  number of vanadium,  chromium,  and  molybdenum 

meta l   e lec t rodes .  A number of sys tems  sc reened   d id   no t   reg is te r   over load ,  

even  though  they  contained BF  PF5, and  the  magnesium  and  calcium  salts  

of the  complex  f luorides.   In all such  cases,  both  the  anodic  and  cathodic 

currents   were  very  low.   Again,   these  consis ted of nickel,   cobalt ,   iron, 

vanadium,  molybdenum,  chromium,  as   wel l  as indium. 

3 5 

2 

2 

3' 

Twenty- three   sys tems  reg is te red   excess ive ly   h igh   charge   and   d i scharge  

current  densit ies  beyond  the  range  of  the  amplifier  meter (>4. 8 a m p s / c m  ). 

Only  five of these  had low  conductivities. To  dis t inguish  these  f rom  those 

sys tems  whose   cur ren ts   were   recordable ,   these   a re   re fe r red   to  as giving 

"cur ren t   over load" .   Such   sys tems  a re   l i s ted   in   Table  7. In some   cases ,  

obvious  dissolution of the  e lectrodes  occurred  accompanie 'd  by gassing,  as 

for  the  s i lver  o r  AgCl  systems  in  LiClO In o ther   cases ,   however ,  a black 

react ion  product   formed  a t   the   working  e lectrode,   and  appeared  vis ibly  in-  

soluble .   This   occurred  for   the  z inc  and  cadmium  systems.   CuCl  in   pro-  

pylene  carbonate - LiCl t AlCl  formed a black  react ion  product   which  pass-  

ed  into  suspension  in  the  solution. 

2 

4' 

2 

3 
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TABLE 6 

VOLTAGE  OVERLOAD SYSTEMS # 

3200  ma/cm 
2 

AgF2/DMF-Mg(BF4)2 

InF  /DMF-.BF3 

:k 

* 
3 

2400 m a / c m  
2 

AgF2 /DMF-PF5  
:g 

Cu/PC  -LiC1 + A1C13 

C u / P C - L i B F  
4 

2000 m a / c m  
2 

1600 m a / c m  
2 

AgF2/DMF-BF3 
$< 

C U F ~ / D M F - P F ~  
2C 

Zn/DMF-Ca(BF ) ' 

Cd/DMF-Ca(BF4)2 
2* 

CdF2/DMF-PF5" 
* 

1400 m a / c m  
2 

AgC1/DMF-A1C13 

AgF2/DMF-A1C13 

C d F 2 / P C - L i P F  'r 
-9. 

6 

InF3/DMF-Mg(PF 6 2  ) 

# Listing  only  those  systems  having  discharge  current  densit ies 
greater   than 50 m a / c m  2 . 

::< Electrolyte  conductivity less than  5. 0 x 10 ohm - cm -3 - 1  - 1  

NOTE:  The  following  abbreviations  for  the  solvents  will  be  used 
throughout   this   report :  

AN - Acetonitri le 

BL - 'y-Butyrolactone 

DMF - Dimethylformamide 

P C  - Propylene  carbonate  
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TABLE 6 (Cont 'd) 

VOLTAGE  OVERLOAD  SYSTEMS # 

.L 
-8% 

C U F ~ / A N - P F  5 
Cd/DMF-Mg(BF4)2 

Cd/DMF-Mg(PF6)2  

.II 

I- 

.I. 
-8- 

Cd/PC  -L iBF4  
.l- -,. 

Cd/PC-Mg(BF4)2 

In/DMF-Mg(BF4)2 

InF3/PC-Mg(BF ) 

Mn/DMF-Ca(BF4)2 

Mn/PC-Ca(BF  ) 

:: 

.I- -,- 

4 2 .b 
-7. 

:;: 

4 2  

2 
920 m a / c m  

AgO/PC -LiPF6 

800 m a / c m  
2 

Ag/DMF-Mg(BF4)2 
:: 

AgO/DMF-LiPF6 

Zn/DMF-Mg(BF4)2 

Zn/PC-Mg(BF4)2  +: 

Cd/DMF-Ca(PF6)2  

:;C 

Cd/PC-Mg(BF4)2  * 
In /DMF-BF3 

I n / D M F - C a ( P F  ) 

I n / P C - K P F  

In /PC  -Ca(  PF6)2 * 
M n / D M F - P F  :: 

5 
M n / P C - P F  :: 

5 
L i / P C - L i P F  6 

+< 

6 2  

6 

700 m a / c m  
2 

AgO/DMF-LiC104 

2 
640 m a / c m  

.I. 
-4- 

C U / D M F - B F ~  

# List ing  only  those  systems  having  discharge  current   densi t ies  
g rea t e r   t han  50 m a / c m  2 . 

* Electrolyte  conductivity less than 5. 0 x 10 ohm - cm 
- 3  -1  - 1  
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TABLE 6 (Cont'd) 

VOLTAGE  OVERLOAD  SYSTEMS # 

600 m a / c m  
2 

CuF2/AN-Mg(BF ) 

Zn/DMF-PF5  

Zn /DMF-Mg(PF  ) 

J. -,* 
.t. 4 2  
1- 

::: 

6 2  

500   ma /cm 
2 

.I. 
I- 

Z n F 2 / D M F - P F 5  

In /PC-Mg(PF  ) 
6 2  

.I- 
-8- 

I n F 3 / P C - K P F  6 

450 m a / c m  
2 

400   ma /cm 
2 

Ag/AN-Mg(BF4)2 

Ag/PC-LiBF4 x: * 
AgF2/BL-BF 3 

>k 

A g F 2 / P C - P F 5  * 
AgF2/DMF-LiBF4 

C U F ~ / P C - P F  :k 
5 

In /DMF-Mg(PF ) +< 
6 2  

In /PC-Ca(BFq)2  :k 

Mn/DMF-BF3 $: 

Mn/DMF-Ca(PF6)2 

Zn/DMF-BF3 

Cd/DMF-BF3 

:x 

$< 
300 m a / c m  

2 

Cd /PC-Ca(PF6)2  )k 

InF  /DMF-LiBF4 

InF  /PC-LiC1 t LiC104 
3 

3 

# Listing  only  those  systems  having  discharge  current  densit ies 
g rea t e r   t han  50 m a / c m  2 . 

;' Electrolyte  conductivity  less  than 5. 0 x 10 ohm - cm -3 "1 - 1 
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TABLE 6 (Cont  'd) 

VOLTAGE OVERLOAD SYSTEMS# 

2 2 
200   ma /cm 150 m a / c m  

Ag/BL-BF3 * 
Ag/DMF-BF3 1' 

Ag/PC-Mg(BF4)2 * 
AgC1/BL-MgC12 * 
AgF2  /AN-BF3 * 
AgF  /PC-BF3  * 

2 
AgF2/PC-Mg(BF4)2  * 
CuF  /AN-BF3 :b 

2 
C O / D M F - M ~ ( B F ~ ) ~  'g 

Cd/PC-Ca(BF4)2  * 
Fe  /DMF-BF3 * 
V/PC-PF5 * 

InF3 /DMF-LiPF  6 

CdF2 /PC-Mg(BF 4 2  ) * 

2 
100 m a / c m  

# Listing  only  those  systems  having  discharge  current  densit ies 
grea te r   than  50 m a / c m  . 2 

* Electrolyte  conductivity less than 5. 0 x 10 ohm - cm 
- 3  -1  -1 
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TABLE 7 

CURRENT  OVERLOAD  SYSTEMS # 

Ag/DMF-LiCl  + LiC104 

AgO/BL-KPF 

AgO/BL-LiF  t KPF6  

AgO/PC-LiC1 t A1C13 

AgO/PC-LiC104 ?r: 

AgCl/AN-LiC104 

AgCl/BL-LiCl 9r: 

AgCl/BL-LiC104 

AgCl/BL-LiCl  + LiC104 

AgC1/DMF-LiC104 

AgCl /DMF-LiPF 

6 

6 

AgCl/PC-LiGJO4 :iC 

CuC12 /AN-LiC1 9J 

CuC12 /PC  -LiCl  t A1C13 

Zn/AN-LiC1 t A1C13 

Zn/AN-LiF + KPF6  

Zn/DMF-LiC1 

Zn/DMF-LiC1 + A1C13 

Cd/AN-LiClO 
4 

Cd/BL-LiC104 

Cd /DMF-LiPF  

Cd/PC-LiC104 * 
6 

2 # Having  discharge  current   densi t ies   in   excess  of 4 . 8  a m p s / c m  . 

’* Electrolyte  conductivity less than 5 x 10 ohm - cm . - 3  -1  - 1  
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These  observations  indicate  that   even  though  cyclic  voltammograms  were 

not  obtainable,   these  systems  should be invest igated  fur ther   because of 

the  high  currents  they  can  support .   Their  interest   may  well   l ie  in  the  re- 

serve  type  bat tery if it is suspected  that   such  high  currents  would be a c -  

companied by  high  chemical  activity. 

F. Cyclic  Voltammetry of Posi t ive  Electrode - Elec t ro ly te   Sys tems 

Table 8 shows  the  breakdown of the  total   number of positive - electrolyte  

systems  screened  according  to   the  metal   species   contained  within  the  e lec-  

trode,   whether  i t  be  the  base  metal ,   oxide,   or  halide.   Listed  also  are  the 

percent  distributions of the  following  cyclic  voltammetric  parameters:  

Pe rcen t  of systems  having  discharge  peak  curref i t   densi t ies   greater  

than 50 m a / c m  . 2 

Percen t  of systems  having  discharge  peak  current  densit ies  less  th,an 

50 m a / c m  . 2 

Percen t  of systems  exhibi t ing no discharge  peaks.  

Pe rcen t  of systems  causing  is t rument   overload.  

F igure  4 displays  the  same  data  in  bar  graph  form  to  permit  immediate 

visual   comparison of t he   sys t ems   r e l a t ive   t o   t hese   pa rame te r s .  In  no case  

was   there  a majority of systems  in  any  group  species  having  discharge  peak 

current   densi t ies   in   excess  of 50 m a / c m  . Systems  having  the  greater  

number of discharge  peaks  in   excess  of this   value  were  copper ,   s i lver ,  

zinc,   and  indium,  with  manganese  and  cadmium  having a lower  number of 

systems.   Again,   copper ,   s i lver ,   z inc,   indium,  and  cadmium  systems 

gave  the  highest  percentage of discharge  peaks  less   than 50 m a / c m  , with 

the  zinc  and  cadmium  groups  being  the  more  predominant.  

L 

2 
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TABLE 8 

PERCENT  DISTRIBUTION OF CYCLIC  VOLTAMMETRIC  PARAMETERS 
FOR  TOTAL  SYSTEMS  SCREENED 

Discharge   Peak  

Elec t rode  

4 2  

c u  

Ni  

c o  

Zn 

Cd 

Mo 

In 

Fe 

C r  

Mn 

V 

Qty. 

134 

135 

135 

139 

64 

63 

37 

52 

52 

19 

19 

27 

> 5 0   m a / c m  
2 

70 

2 2  

30 

0 

1 

2 8  

11 

0 

2 2  

6 

0 

16 

0 

€ 5 0   m a / c m  
70 

39 

40 

10 

14 

35 

40 

14 

2 9  

14 

0 

16 

11 

None 
70 

5 

9 

79 

68  

9 

14 

51 

9 

73 

42 

26 

67 

Overload 
% 

34 

21  

11 

l'i 

28 

35 

35 

40 

7 

58 

42 

22 
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No Discharge  Peak 

........................................ 

.... I ..... I3 .... D .... 11 .... J7 .... I . .,. ". .. - - a  ". - .  . l...n.....d 
Ag Cu N i  Co Z n  Cd Mo In Fe C r  Mn V 

Overload 

.............................................................................. n 

Ag Cu N i  C o  Zn Cd Mo In Fe C r  Mn V 

Figure 4. Percent  distribution of cyclic  voltammstric  parameters  for 
total   systems  screened. 
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None of the  nickel,   molybdenum,  nor  chromium  systems  gave  discharge 

peak   cur ren t   dens i t ies   g rea te r   than  50 m a / c m  , whereas  only 1 and 570  of 

the   cobal t   and   i ron   sys tems  reg is te red   peak   cur ren t   dens i t ies   in   th i s   range .  

A l a rge   major i ty  of the  nickel,   cobalt ,   and  iron  systems  exhibited  no  dis-  

charge  peaks at all, acd  in   most   cases   negl igible   reduct ion  current .  On 

the  other  hand,  only a smal l   percent  of the  copper,   si lver,   zinc,   and  cad- 

mium  systems  fa i led  to   show a discharge  peak.  The  fact   that   only a l imited 

number  of nickel ,   cobal t ,   and  i ron  systems  caused  instrument   overload is 

due  to  the  very  low  or  negligible  currents  for  these  systems. 

2 

Table 9 l is ts   those  systems  having  discharge  peak  current   densi t ies   in  

excess  of 50 m a / c m  , and  peak  separat ions  less   than 0.  5 v.  All  seven 

cadmium  systems  meet ing  this   minimum  current   densi ty   have  peak  sep-  

a ra t ions   l ess   than  0. 5 v. 8970 of the  z inc  systems  and 78'7" of the  copper 

systems,  having a discharge  peak  in   excess  of 50 m a / c m  , have  peak  sep- 

a ra t ions   l ess   than  0. 5 v.   Included  in  the  group  also  are  indium  (5470),  

s i lver  (43700) and  iron  (33%). 

2 

2 

1.  Cyclic  Voltammetry of S i lver   Sys tems 

A total  of 134 s i lver   sys tems  were   sc reened ,   inc luding   s i lver   meta l ,   s i lver  

oxide,   si lver  chloride,   and  si lver  f luoride.  Of these,  6OY0 had both charge 

and  discharge  peaks,  while  35%  overloaded  the  instrumentation  preventing 

vol tammetr ic   recording.   The  percent   dis t r ibut ion of the-vol tammetr ic  

data   for   the  separate   groups of s i l ve r   spec ie s   sys t ems  is shown  in  Table  10. 

The  peak  current   densi t ies   and  peak  separat ion,   as   wel l   as   visual   obser-  

vations of changes  in  electrode o r  e lectrolyte   appearance,   are   shown  in  

Table  11. Only  those  systems  having  discharge  peaks  in  excess of 
2 

50 m a / c m   a r e   l i s t e d .  
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TABLE 9 

PERCENT  DISTRIBUTION O F  SYSTEMS 
HAVING PEAK  SEPARATIONS  LESS  THAN 0 . 5  VOLT gc 

AV less 

% 
Electrode  Qty.   than 0. 5 v 

Ag 

c u  

Ni  

c o  

Zn 

Cd 

Mo 

In 

Fe 

C r  

Mn 

V 

3 0  

41 

nil  

1 

18 

7 

nil  

6 

3 

n i l  

3 

nil  

4 3  

78 

0 

0 

89 

100 

0 

54 

3 3  

0 

0 

0 

2 * Having  discharge  peaks  greater  than 50 m a / c m  . 
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TABLE  10 

PERCENT DISTRIBUTION OF  CYCLIC  VOLTAMMETRIC  PARAMETERS 
FOR  SILVER  SYSTEMS 

134 Systems 

Discha rge   Peak  

Elec t rode   Qty .   >50   ma/cm <50   ma /cm  None   Over load  
2 2 

% % 70 % 

Ag 54  21 

A g o  2 2  27 

AgCl 2 6  46 

3 

a.  S i lver   meta l  

46 

32 

12 

53 

0 33 

5 36 

4 38 

10 34 

Of the  54  s i lver   metal   e lectrodes  screened,   67%  exhibi ted  both  charge  and 

discharge  peaks,   the   remainder   being  overload  systems.   Eleven  s i lver  

s y s t e m s  (2170) had  discharge  peaks  in   excess  of 50 m a / c m  . Of this  group, 

f ive   (or   45%)  had   peak   separa t ions   l ess   than   0 .5   vo l t .   One   sys tem 

( A g / P C - L i P F  ) showed a decreasing  coulombic  ratio  with  decreasing  sweep 

rate. A number  of t he   sys t ems   were   obse rved   t o   fo rm  r eac t ion   p roduc t s  

at the  e lectrode,   wi th   suspended  mater ia l   in   the  e lectrolyte .   Table  12 

l is ts   specif ic   discharge  capaci t ies   and  coulombic  ra t ios   for   some  s i lver  

e l ec t rode   sys t ems .  

2 

6 

Although  not a l is ted  system  ( those  having  discharge  peaks less than 50 

m a / c m  ), of pa r t i cu la r   i n t e re s t  is the  system  Ag/PC-KPF  in   which  the 

cycl ic   vol tammogram is a marked  funct ion of cycling as shown  in  Figure 5. 

2 
6’ 
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T A B L E  11 

PEAK  CURRENT  DENSITIES  AND  PEAK  SEPARATION 

SILVER  SYSTEMS 

P e a k  c .  d. 

S v s t e m  s 

A g   m e t a l  

A g / D M F - L i C 1  

Ag/DMF-MgCIZ  

Ag/AN-LiC1  t A1C13 

Ag/BL-A1C13 

Ag/DMF-LiC1  -k MgC12 

Ag   BL -A1C13 t LiC104 

A g / A N - K P F 6  

A g / B L - L i C 1  t LiC104 

Ag / P C  -LiPF6 

A g / A N  -LiF t K P F  
6 

A g o  

A g O / B L - L i C 1  t A1C13 

AgOlDMF-LiC1  

A g O J P C - K P F 6  

A g O / B L - L i C 1 0 4  

A g O / A N - K P F 6  

AgO/DMF-LiC1  t A1Cl3 

AgO/BL-LiC1  

Disch .   Chg  e .  

m a /   c m  
2 

1120 

560 

400 

270 

220 

220 

150 

150 

140 

100 

70 

960 

145 

1300 

2 10 

170 

240 

49 0 

160 

600 

65  

65  

AV 

mv 

300 

160 

52 0 

870 

250 

850 

490 

550 

70 

700 

700 

V i s u a l  

SY 

S 

F B  

N 

N 

N 

S 

N 

C 

S 

N 

1024  576  23 0 N 

360  200  440 N 

170  170  980 N 

150 49 0 980 N 

130  32 0 1000 S 

110 

90 

40 2 0  N 

60 1100 N 

B so lu t ion   t u rns   b lue  
C c o u l o m b i c   r a t i o   d e c r e a s e s   w i t h   d e c r e a s i n g   s w e e p  rate 
F d a r k   r e a c t i o n   p r o d u c t   f o r m s  at w o r k i n g   e l e c t r o d e   a n d   d r o p s  off 
N no   no t iceable   change  
S r e a c t i o n   p r o d u c t   f r o m   w o r k i n g   e l e c t r o d e   f o r m s   s u s p e n s i o n  
Y so lu t ion   tu rns   ye l low 
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TABLE 11 (Cont 'd) 

PEAK  CURRENT  DENSITIES  AND  PEAK  SEPARATION 

SILVER  SYSTEMS 

Sys tems  

AgCl 

AgCl/DMF-LiC1 

AgC1/BL-A1C13 

AgCl/AN-LiC1 t A1C13 

AgCl/PC  -AlCl 

AgC1/AN-LiPF6 

AgClIDMF-LiC1 t .AlCl 

3 

3 
AgC1/DMF-MgC12 

AgCl/BL-LiC1 t AlCl 

AgCl/DMF-LiCl  t MgC12 

AgCl/DMF-LiC1 t LiClO 

A g C l / P C - L i P F  

AgCl/BL-LiCl  t MgC12 

3 

4 

6 

Peak c.  d. 

Disch.  Chge. AV Visual  
2 

m a / c m   m v  

1 5 0 0  

960 

800 

800 

2 10 

190 

170 

170 

160 

110 

90 

60 

1500 

48 0 

7 0 0  

60 0 

1120 

330 

290 

100 

40 

60 

100 

40 

90 

550 

490 

850 

63 0 

150 

7 10 

870 

3 0 0  

300 

62 0 

700 

AgF2 /PC  -L iBF  

* Charge  and  discharge  peaks  grow  with  continued  cycling. 

:% 

4 
160  190  200 

K 

N 

S 

N 

SE 

N 

w 
B 

w 
W 

N 

W 

W 

B solution  turns  blue 
E er ra t ic   peak   reproducib i l i ty  

N no  noticeable  change 
S reaction  product  from  working  electrode  forms  suspension 

K solut ion  turns   dark  color  

W dark  react ion  product   remains at working  electrode 
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TABLE 12 

SPECIFIC DISCHARGE  CAPACITY  AND  COULOMBIC  RATIO 
O F  SOME SILVER  SYSTEMS $& 

System 

Ag'/BL -MgC12 

Ag  /BL -A1C13 

Ag/BL-A1C13 t LiC104 

Specific  Discharge  Coulombic 
Capaci ty   Rat io  

2 
c o d  / cm 

0 . 7  

2 . 2  

1 .5  

1 . 0  

1 . 0  

0. 8 

Ag/DMF-LiC1 3.7 0. 5 

AgCl 

AgC1/BL-A1Cl3 

AgCl/AN-LiC1 t A1C13 

AgCl/BL-LiC1 t A1C13 

AgCl/BL-LiC1 t MgC12 

AgCl /PC -LiPF6 

AgCl/DMF-LiCl  t MgC12 

AgCl/DMF-LiC1 t A1C13 

3 . 9  

3 . 1  

2 . 6  

0 . 7  

1 . 1  

0 .6  

1 . 2  

3 . 5  

1 .2  

1. 0 

1.0 

1. 0 

0 . 8  

0 .  6 

* In   o rder  of decreasing  coulombic  ra t io .  
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This   se t  of curves  was  obtained by raising  the X-Y recorder   pen   for  a few 

minutes  each  time,  but  allowing  the  system  to  cycle  continuously  at  200 

mv/sec .   Success ive   curves   were   recorded   over  a 30-minute  period  pro- 

ceeding  in  the  order 1-6 as labelled. Of in t e re s t  is the  absence of a 

lower  oxidation  peak  and  corresponding  reduction  peak  during  the  early 

cycles,  but  with  continued  cycling,  these  peaks  begin  to  occur  and  gain  in 

magnitude,  indicating  the  formation of a double  oxidation  species of s i l ve r .  

In  confirmation,  shown as an  inset   in   Figure 5 is a reproduction of a cyclic 

vo l tammogram  recorded   a t  800 mv/sec,   nineteen  months  previously  during 

an  independent  investigation  by  Whittaker  Corporation. 

b.  Silver  oxide 

Of the 22  s i lver   oxide  systems,  5970 had  both  charge  and  discharge  peaks. 

2770 of the   sys tems  had   d i scharge   peaks   in   excess  of 50 m a / c m  , and  only 

three   had   peak   separa t ions   l ess   than  0 . 5  v.  Only  in  the  case of A g o /  

AN-KPF  was  there  any  noticeable  change,  with  the  formation of a dark  

reaction  product  at   the  electrode,  and  the  presence of suspended  mater ia l  

in  the  solution.  The  coulombic  ratio  and  specific  discharge  capacity  for 

the  one system  calculated,   AgO/BL-LiC1,  was 0 . 8  and   0 .7   cou l / cm  r e s -  

pectively. 

2 

6 

2 

C .  Silver  chloride 

5870 of the 2 6  AgCl  systems  exhibited  both  anodic  and  cathodic  peaks,  with 

46% having   d i scharge   cur ren t   dens i t ies   g rea te r   than  50 m a / c m  . This  is 

compared  with 2170 and 2770 fo r  Ag and  Ago  respectively.   Specific  discharge 

capaci t ies   and  coulombic  ra t ios   are   l is ted  in   Table  12. Of par t icular   in-  

t e r e s t  is the  high  coulombic  ratio of AgClIBL-A1C1  Since  coulombic  ratio 

is a m e a s u r e  of charge-discharge  efficiency,  the  maximum  value  should be 

unity. A value of 3. 5, as in  this  case,  must  be  due  to  discharge of the  pre-  

formed  AgCl  in  addition  to  any  material   formed  during  the  sweep  charge.  

2 

3' 
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d.  Silver  difluoride 

Thir ty- two  AgFZ  systems  were  screened,   and  only  one,   AgF  /PC-LiBF4,  

had  a d ischarge   peak   grea te r   than  50 m a / c m  . 5370 of the   sys tems  had  

discharge  current   densi t ies   in   the  medium  low  and  low  ranges,   and 3470 

overloaded  the  amplifier.  

2 2 

2. ~~ Cyclic   Voltammetry of Copper   Systems 
. . - - - . . - ~~ ~ 

A total  of 135  copper   systems  were  screened.  Of these,  7070 had  both 

charge  and  discharge  peaks,   and  21%  resul ted  in   instrument   overload.  

The  percent   dis t r ibut ion of the  voltamme'tric  data of the  separate  copper 

spec ies  is shown in  Table  13. 

TABLE 13 

PERCENT  DISTRIBUTION  OF  CYCLIC  VOLTAMMETRIC  PARAMETERS 
FOR  COPPER  SYSTEMS 

13  5 Sys t ems  

Discharge   Peak  

2 2 
Electrode  Qty.   >50  ma/cm Q 50 m a / c m  None  Overload 

70 % % % 

c u  56  16 50 9 25 

CUO 2 1  34 

CUClZ 2 6  54 

CuF2  32 35 

52 14 0 

23 8 15 

28 6 31 
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Table 14 lists the  peak  current  densit ies,   peak  separations,   and  visual 

observations,   for  those  systems  having  discharge  peaks  in  excess of 

50 m a / c m  . 2 

a .  Copper   metal  

Fif ty-s ix   copper   e lectrode  systems  were  screened,  of which 6 6 %  showed 

both  charge  and  discharge  peaks.  Only  nine  systems  (1670)  had  discharge 

peaks   g rea te r   than  50 m a / c m  . Of these,   eight (89%) had  peak  separat ions 

less than 0. 5 v,  compared  with  only 45% for   the  s i lver   e lectrode.   Unlike 

the  s i lver   systems,   copper   systems  showed a yellow  discoloration of many 

of the  cell  solutions.  Typical  for a number  of the  copper   systems is the 

cyclic  voltammogram  shown  in  Figure 6. Integration of the  entire  anodic 

region  for  this  type of curve  would  give  too  low a coulombic  ra t io   for   the 

main   reac t ion ,   e .   g .  0 . 3 .  Confining  the  integration  to  the  main  reaction re -  

su l t s   in  a value of 1. 0. 

2 

In a program of this   nature ,   where  near ly  a thousand  sys tems  a re   sc reened  

at three  different  sweep rates for   each  system,  one is very  hesi tant   to  

make  any  interpretation  such as above,  since  there is  simply  insufficient 

data   to   support   any  hypothesis .   For   this   reason,  it may  not  be proper   to  

exclude  the  portion of the  anodic  sweep  positive  to to. 2 v.   Possible  the 

lower  value  for  the  coulombic  ratio ( 0 . 3 )  may be more  significant,   in  that  

it may  indicate  dissolution of anodic   mater ia l .   Coulombic  ra t ios  of some 

copper   sys tems a re  l is ted  in   Table  15.  In m o s t   c a s e s ,  the ent i re   anodic  

portion of the  curve  was  included  in  the area measu remen t .  
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T A B L E   1 4  

PEAK  CURRENT  DENSITIES  AND  PEAK  SEPARATION 

S y s t e m s  

C u  metal 

C u / D M F - L i P F  

cu /DMF - A 1 ~ 1  t LiC104 

C u / A N - L i P F  t K P F  6  6 
C U I  AN -LiPF 

6 
C u / A N - L i B F 4  

C u / D M F - L i C 1  t LiClO 

C u I D M F - L i C 1  

C U I   D M F - L i C 1 0 4  

C u / P C - L i C 1 0  

6 

3 

4 

4 

CUO 

C u O / D M F - L i C 1  t AlCl  

C u O / P C   - L i C 1 0 4  

C u O / B L - L i C 1 0 4  

3 

C u O / A N - K P F 6  

C u O / B L - K P F  

CuO/DMF-LiC1  

C u O / A N - L i F  + K P F 6  

6 

C O P P E R   S Y S T E M S  

P e a k   c . d .  

D i sch .   Chge .  bv Vi  sua1 
2 

, -  
m a / c m   m v  

1600 

940 

42 0 

2 70 

168 

140 

140 

100 

80 

780 

3 00 

350 

3 50 

7 10 

230 

170 

290 

7( 

140 

130 

60 

9 0  

100 

250 

340 

460 

1300 

F Y  P 

S Y  

W 

W 

F 

WY 

WY 

SY 

N 

530 170  170 WY 

220 50  390 N 

130 2 50  1270 W 

12 0 3 00 540 Y 

9 0  2 00 1280 N 

80  230 300 C 

80  230 700 Y 

C c o u l o m b i c   r a t i o   d e c r e a s e s   w i t h   d e c r e a s k g   s w e e p  rate 
F d a r k   r e a c t i o n   p r o d u c t   f o r m s  at w o r k i n g   e l e c t r o d e   a n d   d r o p s  off 

P plat ing at c o u n t e r e l e c t r o d e  

W d a r k   r e a c t i o n   p r o d u c t   r e m a i n s  at work ing   e l ec t rode  

N EO no t iceable   change  

S r e a c t i o n   p r o d u c t   f r o m   w o r k i n g   e l e c t r o d e  forms  s u s p e n s i o n  

Y so lu t ion   tu rns   ye l low 
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TABLE 14 (Cont 'd) 

PEAK  CURRENT  DENSITIES  AND  PEAK  SEPARATION 

COPPER  SYSTEMS 

Peak   c .   d .  

Svs tems 

CUCl2 

CuCl  /BL-A1C13 
2 

CuC12/PC-A1C13 

CuC12/BL-LiC104 

CuCl  /PC-LiC104 
2 

c u c i 2 / ~ ~ ~ - ~ i ~ 1 3  

CuC12/DMF-LiC1 t MgC12 

CuC12/DMF-LiPF 6 

CuC.12 /AN-LiC1 t AlCl 

CuCl  /BL-LiC1 t LiC104 

CuC12/DMF-LiC1 t AlC13 

CuC12/.AN-LiPF 6 

CuC12/DMF-LiC1 t LiC104 

CuC12 /BL-LiC1 t A1C13 

3 

2 

CuCl  /BL-MgC12 
2 

B 
D 
E 
F 
G 
N 
S 
W 
Y 

Disch.  Chge. AV Visual  
2 

m a / c m   m v  

1600 

1120 

1020 

1010 

910 

9 00 

7 00 

400 

350 

290 

160 

140 

90 

910 

290 

860 

42 0 

400 

190 

570 

600 

2 10 

490 

350 

130 

490 

300 

550 

190 

170 

110 

100 

40 

60 

1150 

80 

110 

230 

130 

N 

w 
W G  

W 

F Y  

WY 

W 

WDB 

WY 

FE 

D 

S Y  

F 

80  80  10 W 

solution  turns  blue 
electrode  dissolution 
e r ra t ic   peak   reproducib i l i ty  
dark   reac t iod   product   forms  at working  electrode  and  drops off 
solut ion  turns   green 
no noticeable  change 
react ion  product   f rom  working  e lectrode  forms  suspension 
dark  react ion  product   remains at working  electrode 
solution  turns  yellow 
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TABLE  14  (Cont’d)  

PEAK  CURRENT  DENSITIES AND PEAK  SEPARATION 

COPPER  SYSTEMS 

Systems 

- CuF2 

C u F 2 / D M F - L i P F  6 

CuF2/PC-LiC1 + A1C13 

CuF2/BL-LiC10 4 

CuF2  /DMF-LiC1 + A1C13 

C u F   / P C  -LiPF6 

CuF2/BL-LiC1 t AlCl 

CuF   /AN-LiBF4  

CuF   /PC-LiC104  

CuF2  /AN-KPF6 

CuF2/AN-LiC104 

CuFZ/AN-LiF  + K P F  

2 

3 

2 

2 

6 

P e a k  c.  d. 

Dis  ch . Chge. 
” 

2 
m a / c m  

1800 

1600 

880 

3 00 

180 

150 

110 

110 

80 

70 

60 

1080 

12 0 

250 

410 

100 

700 

390 

80 

340 

9 0  

240 

AV 

mv 

10 

160 

250 

100 

170 

8 80 

170 

330 

40 

1100 

230 

Visual  

W 

W 

WY 

YCE 

W 

C 

W 

W 

WY 

W 

WY 

C coulombic  ratio  decreases  with  decreasing  sweep rate 
E er ra t ic   peak   reproducib i l i ty  

Y solution  turns  yellow 
W dark  react ion  product   remains at working  electrode 
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321. 9 

214.6 

107. 3 

0. 0 

-107. ? 

-211.6 

Elec t rode  - Cu 

Sweep rate - 40 m v / s e c  
Temp. 30°C 

- 
' Electrolyte  .. Acetoni t r i le -LiPF 6 

-1.0 , O B  8 -0. 6 - 0 . 4  -0. 2 0 0. 2 0. 4 0. 6 0.8 

VOLTS  POLARIZATION 

Figure 6.  Typical  cyclic  voltammogram  showing  non-reducible  secondary  anodic product. 



TABLE  15 

SPECIFIC DISCHARGE  CAPACITY  AND  COULOMBIC  RATIO 
OF SOME  COPPER  SYSTEMS* 

Svs tem 
Specif ic   Discharge 

CaDacitv 
2 

coul /cm 

Cu/AN-KPF + LiPF 

Cu/DMF-A1C1 t LiClO 

Cu/AN-LiBF4 

6 6 

3 4 

CUO 

CuO/BL-LiC10 

CuO/AN-LiF + K P F 6  
4 

C ~ O / B L - K P F ~  

CuO/AN-KPF6 

CuCl 
2 

CuClz  /PC-AlCl  3 
c u c i 2 / ~ ~ - ~ i c i 3  
CuCl  /PC  -LiC104 

CuC12/BL-MgC12 

CuC12/BL-LiC104 

CuC12 /AN-LiPF  

CuCl  /DMF-LiC1 + LiC104 

CuC~12 / D M F - L i P F  

2 

6 

2 

6 

6. 0 

4 .2  

0 .2  

1.9 

1 . 1  

1 . 2  

1 .0  

4 . 3  

4 . 8  

2 . 9  

0 .2  

0 .2  

0 . 4  

0 . 7  

0 . 1  

Coulombic 
Rat io  

1 .0  

0 .8  

0.2 

0 . 5  

0. 5 

0 . 3  

0 .2  

1. 6 

1 . 0  

1 . 0  

1 . 0  

0 . 7  

0 . 5  

0 .2  

0 . 1  

In   o rder  of decreasing  coulombic  ra t io .  
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TABLE 15 (Cont 'd) 

SPECIFIC DISCHARGE  CAPACITY  AND  COULOMBIC  RATIO 
O F  SOME COPPER  SYSTEMS 

Svs tern 

- CuF2 

CuF2/BL-LiC104 

CuF2/PC-LiC104 

C u F 2 / P C - L i P F  6 

C ~ F ~ / A N - K P F  6 

C u F 2 / D M F - L i P F  6 

CuF2/AN-LiBF4 

Specific  Discharge  Coulombic 
Capaci ty   Rat io  

2 
coul / c m  

2 . 3  

0.5  

1.0 

0.2 

3 . 3  

0.3 

0.7 

0 .  6 

0 . 5  

0 . 5  

0 .4  

0 . 1  

* In   o rder  of decreasing  coulombic  ra t io .  



b.  Copper  oxide 

Twenty-one  copper  oxide  systems  were  screened, of which 8670 showed  both 

charge  and  discharge  peaks.  No "overload"  systems  were  obtained.   Seven 

of the   sys tems (34700) had  discharge  peaks  greater   than 50 m a / c m  . Of these,  

t h r e e  (4370)  had  peak  separations  less  fhan 0. 5 v. A number of the  CuO  sys-  

tems,   s imilar   to   copper   metal ,   showed a secondary  low  charge  peak.   Cou-  

lombic  ra t ios  of some  CuO  sys tems  a re   l i s ted   in   Table  15. 

2 

C .  Copper  chloride 

T wenty-six  copper   chlor ide  systems  were  screened,  of which 7770 shc ,wed 

both  charge  and  discharge  peaks.   Fourteen  systems  had  discharge  peaks  in  

excess  of 50 m a / c m  (5470). Of these,  twelve (86700) had  peak  separations 

less   than  0. 5 v.  , matching  that  of copper  metal   and  copper  oxide.   In  general ,  

the  CuCl  systems  exhibited  considerably  higher  discharge  peaks  than  the 

Cu  and CuO sys tems.   Coulombic   ra t ios  of some  CuCl s y s t e m s   a r e   l i s t e d  

in  Table  15. 

2 

2 

2 

d.   Copper   f luoride 

Thir ty- two  copper   f luoride  systems  were  screened,  of which 6370 exhibited 

both  charge  and  discharge  peaks.   Eleven  systems (54700) had  discharge 

peaks  in   excess  of 50 m a / c m  , and of these,  nine  (8270)  had  peak  separations 

less   than  0. 5 v.   Coulombic  ratios of some  CuF  system.s   are   l is ted  in  

Table  15. 

2 

2 

3.   Cvclic  Voltamrnetrv of Nickel  Svstems 

A total  of 135 n icke l   sys tems  were   sc reened .   Most  of these  either  showed 

negl ig ib le   charge   cur ren t ,   o r  a gradual ly   increas ing   cur ren t  (as the  voltage 

was  scanned  towards +l .  0 v. ) without  reaching a peak.   This   la t ter   be-  

havior  is typical of continuous  anodic  dissolution of e lectrode  mater ia l .   In  

e i ther   case ,  no discharge  current   was  evident ,  so  that 7970 of these  failed 
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to  show a discharge  peak.   Table  16 p r e s e n t s  the percent   dis t r ibut ion of 

the   vo l tammetr ic   da ta  of the   separa te   n icke l   sys tems.  

TABLE  16 

PERCENT  DISTRIBUTION O F  CYCLIC  VOLTAMMETRIC  PARAMETERS 
FOR NICKEL  SYSTEMS 

135  Svstems 

Electrode  Qty . 

N i  54 

NiO 24 

NiC12 2 6  

N i F 2  31  

Discharge   Peak  

2 
>50  rna/cm2  <50  ma/cm  None  Overload 

% % % % 

0 7 

0 17 

0 8 

0 9 

82 11 

79 4 

73 19 

8 1  10 

4. Cyclic   Voltammetry of Cobal t   Systems 

A total  of 139  cobal t   systems  were  screened,  of which  68%  exhibited  no 

discharge  peaks.   In   general ,   cobal t   systems  behaved  s imilar ly   to   nickel  

systems.   Table   17  shows  the  percent   dis t r ibut ion of the  vol tammetr ic  

p a r a m e t e r s .  
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TABLE 17 

PERCENT  DISTRIBUTION  OF  CYCLIC  VOLTAMMETRIC  PARAMETERS 
FOR  COBALT  SYSTEMS 

139  Systems 

Discha rge   Peak  

Ele ctr  ode  Qty. s 5 0  m a / c m 2   < 5 0   m a / c m  None 
2 - 

70 70 70 

c o  47 0 15  53 

c o o  30 0 20  67 

C0Cl2  26 

CoF3  36 

4 

0 

27 

0 

50 

100 

Overload 

70 

32 

13 

19 

0 

5. ~- Cyclic   Voltammetry of Zinc  Systems 

A total  of 64   z inc   sys tems  were   sc reened ,   compr is ing   z inc   meta l   and   z inc  

fluoride  electrodes.   63%  indicated  both  charge  and  discharge  peaks,   with 

2870 of the  systems  having  discharge  peaks  in   excess  of 50 m a / c m  . 
Near ly  90% of the latter sys tems  had   peak   separa t ion   less   than  0 . 5  v.  The 

percent   dis t r ibut ion of vo l tammetr ic   da ta   for   the   separa te   z inc   g roups  is  

shown  in  Table 18 

2 

Coulombic  ra t ios  of s o m e   z i n c   s y s t e m s   a r e   l i s t e d   i n   T a b l e  19.  Table  20 

lists the   peak   cur ren t   dens i t ies ,   peak   separa t ions ,   and   v i sua l   observa t ions  

for   those  systems  having  discharge  peaks  in   excess  of 50 m a / c m  . 2 

a. Zinc   meta l  

Of the 39  zinc  metal   systems  screened,  51%  showed  both  charge  and  dis-  

charge  peaks,   41%  overloaded the amplif ier ,   and 8% had  no  discharge  peaks.  
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TABLE 18 

PERCENT DISTRIBUTION O F  CYCLIC  VOLTAMMETRIC  PARAMETERS 
FOR ZINC SYSTEMS 

64 Systems 

Discharge  Peak 

Electrode Qty. > 50 m a / c m  < 50 m a / c m  None Over  load 2 .  2 

7 0  70 70 70 

Zn  39  39 

Z n F  25 12 2 

12 8 41 

72 8 8 

TABLE 19 

SPECIFIC DISCHARGE CAPACITY AND COULOMBIC RATIO 
O F  SOME ZINC SYSTEMS >: 

System 

Zn/AN-LiC104 

Zn/BL-KPF 6 
Zn/PC-KPF6 

Zn/DMF-LiPF6 

Zn/DMF-LiC10 

Zn/DMF-Mg(C104)2 

Zn/DMF-KPF6 

4 

ZnF 

ZnF2/DMF-KPF6 

ZnF2/DMF-LiC1O4 

- 2 

Specific  Discharge 
Capacity 

2 
coul / cm 

5. 6 

0 . 5  

0 . 4  

2 . 4  

1 . 0  

1 . 0  

1 .7  

1. 1 

0.  8 

C ou lum bic 
Ratio 

1. 1 

1 . 0  

0 .7  

0 .5  

0 . 4  

0 . 4  

0 . 3  

0 . 3  

0: 2 

* In  order of decreasing  coulombic  ratio. 
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TABLE 2 0  

PEAK  CURRENT  DENSITIES AND PEAK  SEPARATION . 
ZINC  SYSTEMS 

Svs tems 

Zn  metal  

Zn/DMF-LiC10 

Z n / D M F -   K P F  

Zn/DMF-Mg(ClO ) 

Zn/AN-LiC104 

Z n / D M F - L i P F  

Zn/AN-LiC1 t AlCl 

Zn/DMF-Ca( PF6)2 

Zn/DMF-LiC1 t LiC104 

Zn/DMF-LiBF 4 
Z n / P C - C a ( P F  ) 6 2  
Z n / B L - K P F  

Zn /   PC   -KPF  

Z n /   P C  -Mg( PF ) 

Zn/PC  -LiC104 

Zn /BL-LiF  t KPF6  

4 

6 

4 2  

6 

3 

6 

6 

6 2  

P e a k  c. d. 

Disch.  Chge. AV Visual 
2 

mv 
- 

m a / c m  

470  47 0 80 F 

400 6 10  80 F 

400 30 2  10 F 

390  580  160 S 

3 70 

270 

220 

130 

100 

100 

90 

60 

60 

60 

50 

370 

1100 

240 

13 0 

22 0 

16 

96 

55 

100 

110 

40 

50 

120 

300 

100 

410 

380 

110 

340 

1100 

1470 

240 

WY 

F C  

F Y  

W 

WY 

N 

N 

N 

N 

W 

N 

Z n F  -2 

ZnF2 /DMF-KPF 6 500 400  10 N 

ZnF2/DMF-LiC10 4 160  270  160 N 

ZnF2/   DMF-BF 80  240  340 N 

C coulombic  ra t io   decreases   with  decreasing  sweep  ra te  
F dark   reac t ion   product   forms  at working  electrode  and  drops off 
N no noticeable  change 
S reaction  product  forms  suspensic;n 
w dark   reac t ion   product   remains  at viorking  electrode 
Y solution  turr,s  yellow 

3 
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2 
Fifteen  zinc  systems  (3970)  had  discharge  peaks  in  excess of 50 m a / c m  . 
Of this   group  thir teen  (or  8770) had   peak   separa t ions   l ess   than   0 .5  v. A 

number  of the  metal   zinc  systems  displayed  the  l imited  diffusion  current 

region  during  the  anodic  sweep,  similar  to  the  copper  systems. 

b.  Zinc  fluoride 

Only  three of the  25 ZnF  sys tems  exhib i ted   d i scharge   peaks   in   excess  of 

50 m a / c m  . All   three  had  peak  separat ions  less   than  0 .5   v . ,   and one 

( Z n F   / D M F - K P F  ) an  extreme low of 10 mv.  

2 
2 

2 6 

6 .  Cvcl ic   Voltammetrv of Cadmium  Svstems 

A total of 63 cadmium  systems  were  screened,   compris ing  cadmium  metal  

and  cadmium  fluoride  electrodes.  Of these 5170 had both charge  and  dis - 
charge  peaks,   with 1170 of the  systems  having  discharge  peaks in excess  of 

50 m a / c m  . Table 2 1  l ists   the  distribution of the  separate   cadmium  group.  
L 

TABLE 2 1  

PERCENT  DISTRIBUTION  OF  CYCLIC  VOLTAMMETRIC  PARAMETERS 
FOR CADMIUM  SYSTEMS 

63 Svs tems 

Discharge   Peak  

2 2 
Electrode  Qty. > 5 0  m a / c m  <50 m a / c m  None 

% 70 70 

Cd 39  18 

C dF2 24 0 

28 10 

59 24 

Overload 
70 

46 

17 
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TABLE 2 2  

PEAK  CURRENT  DENSITIES  AND  PEAK  SEPARATION 

CADMIUM  SYSTEMS 

Sys  tem s 

Cd  metal  

Cd/DMF-LiC104 

Cd jDMF-LiBF4  

Cd/DMF-Mg(C104)2 

Cd/DMF-KPF6 

Cd /BL-KPF6  

Cd/DMF-CaC12 

C d / B L - L i F  + K P F  6 

Peak   c .   d .  

Disch.  Chge. AV 
2 

m a / c m   m v  
- 

1300 48 0 10 

12 00 1280 60 

880 22 0 130 

400 32 0 400 

370 250  340 

100 2 10 60 

80 8 0  400 

Visual 

S 

WY 

W 

N 

N 

F 

N 

F dark   reac t ion   product   forms  at working  electrode  and  drops off 
N rio noticeable  change 
S reaction  product  from  working  electrode  forms  suspension 
W dark   reac t ion   product   remains  at working  electrode 
Y solution  turns  yellow 
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2 
None of the   CdF  sys tems  exhib i ted   d i scharge   peaks   in   excess  of 50 m a / c m  , 
while  only  seven  (18%) of the   Cd  meta l   sys tems  were   in   th i s   g roup .   Al l  of 

the  seven  had  peak  separat ions  less   than 0. 5 v.  Table 2 2  lists the  volt- 

ammet r i c   da t a   fo r  all systems  having  discharge  peaks  in   excess  of 

50 m a / c m  . Coulombic  ratios of some   cadmium  sys t ems  are l is ted  in  

Table 23. 

2 

2 

TABLE  23 

SPECIFIC DISCHARGE  CAPACITY AND COULOMBIC  RATIO 
O F  SOME  CADMIUM  SYSTEMS* 

System 

C d / B L - K P F 6  

Cd/DMF-KPF6 

Cd/DMF"LiBF4 

Cd/DMF-LiC104 

Specific  Discharge  Coulombic 
Capacity  Ratio 

coul / cm 
2 

1 . 7  

2 .8  

4.8 

2 . 0  

1 .0  

0 .5  

0 . 4  

0 . 3  

* In o rde r  of decreasing  coulombic  ratio.  

7.  Cyclic  Voltammetry of Indium  Systems 

A total  of  52 indium  systems  were  screened,   compris ing  indium  metal   and 

the  f luoride.  Of these 5 1% exhibited  both  charge  and  discharge  peaks,   with 

2 2 %  having  discharge  peaks  in  excess of 50 m a / c m  . Table 24 shows 

the  percent  distribution of vol tammetr ic   parameters   for   indium  and  indium 

f luoride  systems.  

2 
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TABLE 24 

PERCENT  DISTRIBUTION O F  CYCLIC  VOLTAMMETRIC  PARAMETERS 
FOR INDIUM  SYSTEMS 

52 Sys tems  

Discharge   Peak  

2 2 
Electrode  Qty.  > 50 m a / c m  < 50 m a / c m  None - 

Y O  % Y O  

In 30 17  27  16 

I n F  2 2  27 3 2  0 
3 

Overload 
Y O  

40  

41 

Table   25   l i s t s   the   peak   cur ren t   dens i t ies ,   peak   separa t ions ,   and   v i sua l  

observat ions for the   indium  systems.  

8. Cycl ic   Voltammetry of Mo, Fe ,   Cr ,   Mn,   and  V 

Molybdenum,  chromium,  and  vanadium,  behaved  similar  to  nickel  and 

cobalt ,  in showing  very  l i t t le   e lectrochemical   act ivi ty ,  as shown  in  Table 

8. The  three or   four  Fe and Mn systems  showing a discharge  peak  in  

e x c e s s  of 50 m a / c m   a r e   s h o w n  in Table 2 6 .  2 
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TABLE 2 5  

PEAK  CURRENT  DENSITIES  AND  PEAK  SEPARATION 

Svs tem s 

In  metal  

In/PC  -Mg(C104)2 

In /PC -MgC12 

In /PC -LiPF 6 
In/DMF-Mg(C104)2 

In /PC-LiBF  
4 

InF  - 3 

I n F   / P C   - K P F  

I n F 3 / P C - P F  5 

I n F 3 / P C - M g ( P F  ) 

InF  /DMF-CaC12 

InF3/   PC  -Ca(  PF ) 

InF3 /DMF-KPF 6 

3  6 

6 2  

3 

6 2  

INDIUM  SYSTEMS 

P e a k   c . d .  

Dis   ch.  Chge. .. AV Visual  
2 

- 
m a / c m   m v  

560 22 0 200 w 
130 13 0 450 N 

65 290 700 D P  

60 2 8 0  350 S Y  

60 270 9 0 0  N 

400 440 400 D 

220 12 0 550 D 

200 150 950 N 

165 270 250 N 

140 90 650 N 

70 66 0 190 Y 

D electrode  dissolution 
N no  noticeable  change 
P p l a t k g  at counterelectrode 
S react ion  product   f rom  working  e lectrode  forms  suspension 

Y solution  turns  yellow 
W dark  react ion  product   remains at working  electrode 
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TABLE 2 6  

PEAK  CURRENT  DENSITIES  AND  PEAK  SEPARATION 

OTHER  SYSTEMS 

Systems 

Cobalt metal 

CoC12/AN-LiPF 6 

I ron   me ta l  

Fe /PC-Mg(BF4)2  

F e / D M F - C a ( P F  ) 

F e / D M F - L i P F 6  
6 2  

Manganese  metal  

Mn/DMF-LiPF  6 
Mn/DMF-LiBF4 

Mn/DMF-KPF6 

P e a k  c .  d. 

Dis  ch  Chge. AV 
2 

m a / c m   m v  
- 

90 90 12 70 

130 

12 0 

120 

190 

12 0 

130 

280  

290 

320 

3 10 

62 0 

190 

1500 

490 

1000 

9 10 

72 0 

700  

B solution  turns  blue 
C coulombic  ra t io   decreases   with  decreasing  sweep  ra te  
F dark   reac t ion   product   forms  at working  electrode  and  drops  off 
N no  noticeable  change 
P plating at counterelectrode 

Y solution  turns  yellow 
W dark  react ion  product   remains at working  electrode 

Vi  sua1 

F B  

N 

N 

WY P 

W Y P  

Y C  

WY 
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G. The  Effect of Water  on  Cyclic  Voltammograms 
- ~ . ~- __ ~" ~~~~~ ~ 

Known  amounts of water  were  added  to a few  systems  to   determine  the  effect  

on  the  cycl ic   vol tammograms.   In   some  cases   the  effect   was  suff ic ient ly  

marked  to   ent i re ly   change  the  character  of the  vol tammogram,  whereas   in  

other   cases ,   addi t ions of water   to  3000 ppm  had  no  apparent  effect  on  the 

curve .  

1. S i lver   Sys tems 

The  addition of 500 ppm  water  to  butyrolactone-MgC1  caused  voltage  over- 

load  for   the  s i lver   e lectrode,   possibly  resul t ing  f rom  high  peak  currents   and 

low  conductance of the  electrolyte.   Since  the  discharge  and  charge  current 

densi t ies   for   the  anhydrous  systems  were  only 70 and 65 ma/cm  respec t ive ly ,  

the   p resence  of water   has  a major  influence  on  this  system. On the  other  hand, 

the  only  major  effect  that 2000 ppm of water   had on the  cyclogram  for   s i lver   in  

dimethylformamide - MgCl  was  to  increase  the  peak  separation by about 200 mv.  

The  addition of 1000 pprn water   to   dimethylformamide - MgC12 caused  a 25% 

increase  in  current  densit ies  for  both  the  cathodic  and  anodic  peaks  for AgC1. 

Addition of 2000 pprn water  resulted  in  voltage  overload.  In  the  case of AgC1/ 

DMF-LiC1,  the  addition of 2000  pprn water  gave a much  higher  discharge  peak, 

as wel l   as  a very  large  decrease  in  AV f rom 400 to  160 mv. This is unusual 
P 

in  that   water  resulted  in a voltammogram  indicating a be t t e r   sys t em,   i n   t e rms  

of discharge  current  density  and  rechargeabili ty,  than the  dry  solution. 

2 

2 

2 

Addition of 500 and 1000 pprn water   to   sys tems of s i lver   e lec t rodes   in   p ro-  

pylene  carbonate-MgCl  showed  only  minor  effects.   Small   increases  in  peak 

current   densi t ies ,   and a decrease  in  AV were   observed  on addition of 1000 pprn 
P 

water.   The  addition of 1000 ppm  water  to  propylene  carbonate - MgCl  causes 

a significant  increase  in  current  densit ies  for both  anodic  and  cathodic  peaks 

in  the  case of the  AgCl  electrode.  Voltage  overload  occurs at 2000 ppm  water.  

2 

2 
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In  addition  the  peaks  are  much  sharper  than  those  obtained  in  solutions 

without  water  additive. 

2 .  Copper   Sys tems 

The  addition of e i ther  1000 or  2000  ppm  to  dimethylformamide - LiCl  had 

no  effect  on the  cycl ic   vol tammograms of copper   metal   in  this solution.  For 

l i thium  perchlorate  solutions  in  dimethylformamide, 1000  ppm of water   had  

a devastating  effect   on  the  sweep  curve by entirely  eliminating  the  high, 

sharp   charge   and   d i scharge   peaks  , leaving  only  low  peak-less  currents 

within  the f 1. 0 volt  scan  range.  The  addition of 1000 ppm  water  to  acetoni- 

trile - K P F   h a d  no  significant  effect on the  anodic  reaction of CuO  but  the 

specific  discharge  capacity  was  considerably  reduced.  This  was  not  due  to 

anodic  product  dissolution  since  the  coulombic  ratio  remains  invariant  with 

sweep  ra te .   The  effect  of adding 2000 ppm  water  caused a pronounced  de- 

crease  in   anodic   peak  current   densi ty   and a la rge   increase  in peak  separ'ation. 

The  specific  -discharge  capacity  remained  relatively  unchanged  from  the 1000 

pprn value.  

6 

The  cyclic  voltammogram  for  copper  oxide  showed a secondary  charge  about 

400 mv  posit ive  to  the  charge  peak  associated  with  the  discharge  peak.  The 

addition of 500 and  1000  ppm  water  caused  the  disappearance of one of the 

anodic   peaks  and  increased  the  current   densi ty  of the  remaining  anodic  peaks 

as well as the  cathodic  peak.  Copper  chloride  electrodes  which  exhibited 

very  high  anodic  and  cathodic  currents  in  dry  propylene  carbonate - LiC104, 

resulted  in  voltage  overload  in  solutions  containing 500 and 1000 ppm  water.  

3 .  Other   Systems 

Nickel,   which  exhibited  zero  charge  and  discharge  currents  in  butyrolactone - 
MgC12,  gave  voltage  overload  on  the  addition of 1000  pprn water .   This   was 

all due  to  the  charge  reaction,  the  discharge  current  remaining  zero.  
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Cobalt   in  acetonitri le  solution of K P F  showed  anodic  but  no  cathodic  activity. 6 
Addition of 500 ppm  and 1000 pprn water   to   th i s   sys tem  increased   the   anodic  

activity  but  failed  to  show  any  improvement  in  cathodic  behavior. 

In  the  case of zinc  metal  the  addition of 1000  ppm  water  to  dimethylformamide- 

KPF  so lu t ion   resu l t s   in   the   very   pecul ia r   cyc l ic   vo l tammogram  shown  in  

Figure 7 .  Peaks  A and B are   the  or iginal   peaks  ( in   the  absence of water ) ,  as 

shown  in  Figure 7 ,  with a separate   charge-discharge  react ion  occurr ing 

0 . 7 0  volt  negative  to  this.  Addition of 2000 pprn water   resul ts   in   poorly  re-  

producible  curves,   but  are  consistent  in  exhibit ing  two  pronounced  cathodic 

peaks of very  high  current   densi ty   a t   about  0. 0 and - 0 . 9  volts.  Only  low 

spurious  anodic  peaks  are  obtained.  Obviously  the  presence of wa te r   im-  

purity is detr imental   to   this   system.  The  charge-discharge  react ion  (D,E)  

at - 0 . 7  v may  involve  formation  and  subsequent  discharge of zinc  oxide.  Dis - 
charge  peak C maintains its potential   at  -0 .  1  v for  the  40  and 80  mv/ sec   sweep  

r a t e s ,  but at 200  mv/sec  the  peak  potent ia l  is non-reproducible,  but remaining 

in  the  range of -0.  1 to - 0 . 4  v. 

6 

H. The  Effect of Solute  Concentration ~~ on Cycl ic   Voltammograms 

The  effect on the  cyclic  voltammograms  by  varying  the  solute  concentration 

was  determined  for  four  systems:  Ag/DMF-LiC1,  ZnlDMF-LiC104,  Zn/DMF- 

KPF6,   and  Cd/DMF-LiC104.   Sweep  curves   were  obtained  for   solut ions of 

varying  molal i ty   f rom 0. 5 to 3 .  0 m .  If the  data   has   been  correct ly   interpre-  

ted,   then  analysis of the  cycl ic   vol tammograms  resul ted  in   s ignif icant   in-  

formation  related  to  the  degree of solubility of the  anodic  product  formed 

during  the  anodic  sweep. 

Reference is made  to  the  cyclic  voltammograms  for  the  zinc  electrode  in 

varying  concentrations of dimethylformamide - KPF  shown  in  Figures  8-11. 

The  descending  branch of the  charge  peak is more   g radua l  at the  lower  con- 
6 
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-1. 0 -0.8 -0. 6 -0. 4 -0. 2 0 0. 2 0. 4 0. 6 0. 8 1. 0 

VOLTS POLARIZATION 

Figure 7. Cyclic  voltammogram  for  zinc  in  dimethylformamide - K P F  6 ,  1.75 m, containing 
1000 ppm water. 
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Figure 8. Cyclic  voltammogram  for  zinc  in  dimethylformamide - K P F  0 . 7 5  m .  
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F i g u r e  9. Cycl ic   vo l tammogram  for  zinc in   dimethylformamide - K P F 6  , 1. 0 m. 
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Figure 10. Cyclic  voltammogram  for zinc in  dimethylformamide - K P F 6 ,  2 ,  0 m .  
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F i g u r e  11. Cycl ic   vo l tammogram  for  zinc in dimethylformamide - K P F  3. 0 m. 6 ’  



A possible  explanation is that since  the  anion  concentration  within  the 

dense   l aye r  is deple ted ,   fur ther   increase  of voltage  will   cause  metal   ions 

within  this   layer   to   migrate   to   the  layer-solut ion  interface  where  they  can 

react  with  available  anions  forming a second  broader   peak .   This   l a t te r  

peak  may  be  associated  with  the  formation of a more   porous ,   looser   depos i t .  

The  tendency  to  produce a th icker ,   secondary   l ayer ,   which   may be rela- 

t ively  soluble,   suggests  that  a penalty is pa id   in   t e rms  of coulombic  ratio 

by  sweeping  to  anodic  voltages  well   beyond  the  main  peak.  Convection, 

as well  as pure  diffusion,  could  distribute  the  dissolved  material   through- 

out  the  cell ,   making it only  partially  available  for  reduction  within  reason- 

able  confines of a reduction  peak. If the  voltage  sweep  was  limited  from 

- 0 . 4  volt   to + O .  4 volt   for  the  higher  concentrations,   the  coulombic  ratios 

would  be  close  to  unity.  The  more  limited  sweep  would  also  be  more 

r ea l i s t i c   i n   t e rms  of actual   bat tery  performance.   Thus  the  scan  need  vary 

only  over  the  range of the  pr imary  charge  and  discharge  plateaus  (or   peaks,  

in  sweep  terminology).  

I. Cycl ic   Voltammetry of Negat ive-Electrolyte   Systems 

A total  of 64  systems  involving  l i thium,  calcium,  and  magnesium  elec- 

t rodes ,   were   s c reened  by cyclic  voltammetry.   Only  nine of the 17 lithium 

systems  exhibited  both  charge  and  discharge  peaks,   but  with  large  peak 

separa t ions .  In near ly  all cases ,   nei ther   magnesium  nor   calcium  exhibi ted 

charge  peaks,   and  the  charge  currents  were  negligible  or  non-existent.  

1. Lithium  Svstem s 

Table 2 8  summarizes   the  l i thium  data .   Li thium  was  not   screened  in   ace-  

toni t r i le   because of known  lack of compatibil i ty  in  this  solvent.   There  was 

visual  evidence of lithium  decomposition  in  dimethylformamide  on  both 
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TABLE  28 

LITHIUM  SYSTEMS 

Sys tem 

Disch.  c.   d.  > 3 0 0  ma/cm  (vh )  
2 

L i / P C - L i P F 6  

Li /DMF-LiBF4 

Li /DMF-LiC104 

vo 

a 

nP 

2 
Disch.   c .d .   100-300  ma/cm  (h)  

L i IBL-KPF6  

Li /BL-LiC104 

Li/BL-A1C13 

L i / D M F - L i P F 6  

L i / P C - L i B F 4  

2 
Disch. C .  d. 50-100 m a / c m   ( m h )  

a 

L i /DMF-KPF6  a 

2 
Disch.   c .d .   10-50  ma/cm  (ml)  

Li /PC-Mg(C104)2 

Li /PC-LiC104 

L i / P C  -A1Cl3 I- LiCl 

Li/PC-MgC12 

vh  very  high 
h high 
mh  med  h igh  
ml   med  low 

a 

vo 
a .  
nP 

Max.   Charge 
Current   Densi ty  

2 
m a / c m  

very  high 

med  low 

med  low 

very  low 

high 

high 

high 

high 

very  low 

low 

med  low 

med  low 

med  low 

voltage  overload 
discharge  (anodic)  peak  only 
no  peaks 
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TABLE 28 (Cont 'd) 

82 

LITHIUM  SYSTEMS 

Svs tem 
Max.  Charge 

Current   Densi tv  
2 

m a / c m  

2 
Disch.   c .d .  1-10 m a i c m  (1) 

L i / P C - K P F  

Li/BL-A1C13 -I- LiCl 

Li /DMF-LiC1 + LiC104 

6 

2 
Disch.  c.  d. < 1 m a / c m   ( v l )  

Li /DMF-LiC1 

1 low 

vl  very  low 

np  no  peaks 

low 

med  high 

very  low 

very  low 



the working  and  reference  e lectrodes.   In   general ,   l i th ium  exhibi ted 

h igher   cur ren t   dens i t ies   than   e i ther   magnes ium  or   ca lc ium  e lec t rodes .  

2 .  Magnesium  Sys  tem s 

Table 29 lists the magnesium  systems  screened.   These  showed  general ly  

high  anodic  activity  (discharge),   but  very little or   no  cathodic   act ivi ty .  

The  anodic  activity  was  generally  higher  in  acetonitri le  and  dimethyl- 

formamide  solutions  than  in  butyrolactone  and  propylene  carbonate  solu- 

t ions.   Electrolytes  containing  potassium , lithium , aluminum,  and  mag-  

nesium, all behaved  similarly  in  this  respect.   Only  three  systems,  DMF- 

LiPF6, DMF-LiBF4,  and  AN-LiBF  gave  maximum  cathodic  current 

densi t ies   greater   than 10 m a / c m  , and  this  activity  occurred  only at about 

1 volt   negative  to  the  open  circuit   voltage at potentials  near  the  l i thium  ion 

reduction,  which  suggests  that   even  these  current  densit ies  may  be  due  to 

lithium  reduction. 

2 
4' 

3 .  Calc ium  Sys tems 

Table 30  lists the  calcium  systems  screened.   Resul ts   were  s imilar   to  

those  obtained  with  magnesium  in that relat ively little cathodic  acitivity 

was  obtained.   General ly ,   greater   anodic   act ivi ty   was  observed  in   acetoni-  

trile and  dimethylformamide  solutions,   and less in  butyrolactone  and pro-  

pylene  carbonate  solutions.   An  exception  was  Ca/PC-LiBF 4' but it is un- 

cer ta in   tha t  the cathodic  reaction is due  to  calcium  or  l i thium  ions  from the 

electrolyte ,   because of the close  proximity of the  e lectrode  potent ia ls   for  

both  metals.   The  cathodic  peak  current  decsity (285 m a / c m  ) was  about 

twice  what  would  be  expected  for  lithium  ions  for the 0.5 m L i B F  4 e lec t ro -  

lyte.   However the curve   was   recorded  after ten   sweep   cyc les ,   and  by this 

time  changes  in  concentration at the  e lectrode  surface as well as the p re -  

sence  of convection  currents  could  account  for the large  cathodic   current .  

2 

. .  
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TABLE 29 

MAGNESIUM  SYSTEMS 

Sys t em 

Disch.   c .d .   >300  ma/cm  (vh)  
2 

Mg/AN-LiPF 

Mg /AN-LiC104 
6 

Disch.   c .d .   100-300  ma/cm (h) 

Mg/AN-KPF6 t LiPF 

Mg/DMF-LiBF4 

2 

6 

Mg/AN-Mg(C104)2 

Mg/AN-A1C13 

Mg/AN-A1C13 t LiCl  

Mg/BL-A1C13 

Mg/BL-A1C13 t LiCl  

Mg/DMF-LiC104 

Mg / DMF  -LiC1 

Mg/DMF-MgCIZ 

Mg/PC-A1C13 t LiCl  

Disch.  c.   d.   50-100  ma/cm  (rnh) 
2 

Mg/DMF-LiPF  

Mg /DMF  -LiC1 t LiC104 
6 

vh   very   h igh  
h high 
mh   med   h igh  

a 

a 

a 

a 

a 

a 

a 

a 

a 

a d  

a 

a 

a 

a 

Max.   Charge 
Curren t   Dens i ty  

2 
m a / c m  

very  low 

very  low 

very  low 

med  low 

very  low 

very  low 

low 

very  low 

very  low 

very  low 

very  low 

very  low 

very  low 

med  low 

v e r y  low 

a discharge  (anodic)  peak  only.  
d electrode  volume  reduced 

more   t han  50% by dissolution. 
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TABLE 29  (Cont'd) 

MAGNESIUM  SYSTEMS 

Svstem 
Max,   Charge 

Current   Densi tv  

2 
Disch .   c .d .   10-50   ma/cm  (ml)  

Mg/DMF-KPF 6 
Mg/BL-LiC104 

Mg/DMF-Mg(C104)2 

Mg /AN-KPF 6 

2 
Disch .   c .   d .   1 -10   ma/cm (1) 

Mg / P C  -LiPF 
6 

Mg/PC-LiBF4 

Mg/AN-LiBF4 

D i s c h .   c . d .   < 1   m a / c m  ( v l )  
2 

Mg/BL-KPF 6 
Mg /PC  -LiC104 

Mg/PC  -KPF6 

Mg/PC-MgC12 

m l   m e d  low 
1 low 
vl  very  low 

a 

a 

a d  

nP 

a 

a 

"P 

2 
ma/cm 

very  low 

very  low 

very  low 

very  low 

very  low 

very  low 

med  low 

very  low 

very  low 

very  low 

very  low 

a discharge  (anodic)  peak  only.  

d electrode  volume  reduced 
nP no  peaks 

more  than 50% by dissolution. 
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TABLE  30 

CALCIUM.SYSTEMS 

Svs tems 

2 
Disch .   c .d .  >300 m a / c m  

Ca/AN-A1C13 t LiCl 

2 
Disch.   c .   d .   100-300  ma/cm ~~ 

Ca/AN-A1C13 

Ca /AN-LiPF  t K P F 6  6 

2 
Disch.   c .   d .   50-100  ma/cm 

Ca /AN-LiPF  

Ca /DMF-KPF6  

Ca/DMF-LiC1 

6 

2 
Disch .   c .d .   10-50   ma/cm 

C a / P C - L i B F 4  

Ca/DMF-LiCl  t LiC104 

Ca/BL-A1C13 

Ca/BL-A1C13 t LiCl 

a 

nP 

a 

a 

"P 

a 

a 

Max.   Charge 
Current   Densi ty  

2 
m a / c m  

m e d  low 

low 

1 ow 

m e d  low 

1 ow 

low 

high 

very  low 

very  low 

ve ry  low 

a discharge  (anodic  peak only 

np  no peaks 
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TABLE 30 (Cont 'd) 

CALCIUM SYSTEMS 

Svs tems 
Max.  Charge 

Current   Densi tv  

Disch.   c .   d .   1-10  ma/cm 
2 

- 

Ca/DMF-LiPF6  

C a / P C  -LiPF 

Ca/PC  -KPF6 

Ca/AN-LiC104 

6 

Disch. c .  d. < I  m a / c m  
2 

Ca/AN-LiBF4 

Ca/BL-LiCIOq 

Ca/DMF-LiC104 

Ca/DMF-LiBF4 

Ca/PC-A1Cl3 t LiCl 

C a / B L - K P F  
6 

C a / P C  -LiC1O 4 

very  low 

low 

very  low 

very  low 

very  low 

very  low 

very  low 

1 ow 

very  low 

very  low 

very  low 

a discharge  (anodic)  peak  only 

np  no  peaks 
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In  addition the specif ic   charge  capaci ty   was  several   t imes  that   for   the 

anodic  peak,  again  suggesting  the  reduction of species  from  solution. 

These   resu l t s   ind ica te   tha t  at least according  to  the cycl ic   vol tammetry 

data  none of the ca lc ium  or   magnes ium  sys tems,   and   few of the  lithium 

systems,   would  be  sui table   for   secondary  bat tery  appl icat ion.   The  sof t  

electrode  made  i t   difficult   to  accurately  reproduce the electrode  posit ion 

at the luggin  capil lary,   thereby  introducing  appreciable  ohmic  effect   on  the 

vol tammograms.   This   would  have  affected  only  the  l i thium  data   s ince 

calcium  or   magnesium  showed  no  charge  current  at all even  though  well- 

defined  discharge  peaks  were  obtained.  There is a strong  question  whether 

these resu l t s   can   be   cons idered   va l id   in   t e rms  of sys tem  per formance ,  

s ince  experience  on the posi t ive  systems  has   shown  the  absence of a re -  

duction  peak  when  the  anodic  product  undergoes  immediate  dissolution as 

i t  is formed.  
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J .  Recommended  Posi t ive - Elec t ro ly te   Sys tems 
- 

The  fol lowing  systems  were  recommended on the  basis  of high  discharge 

peaks  and low peak  separat ion:  

AgO/BL-LiC1 + AlCl 

A g F   / P C   - L i B F  2  4 
Cu /AN-LiPF  + K P F  

C u / D M F - L i P F  
6 

CuC12 /AN-LiPF  

3 

6  6 

6 
CuC12/BL-A1C1 3 

CuC12/DMF-LiC1 t LiClO 

CuC12/DMF-LiPF 6 

CuC12 /PC  -LiC10 
4 

C u F 2 / D M F - L i P F  6 

C u F 2 / P C - L i P F  6 

CuF   /PC   -L iC104  

4 

2 

Zn/AN-LiClO 

Z n / B L - K P F  

Zn /DMF-KPF 

Zn /DMF-LiPF6  

Zn/DMF-LiC104 

Z n / P C - K P F  

ZnF   /DMF-KPF6  

ZnF  /DMF-LiC104 

4 

6 

6 

6 

2 

2 
Cd /BL-KPF6  

Cd /DMF-KPF6  

Cd/DMF-LiBF4 

Cd/DMF-LiC104 

The   cyc l ic   vo l tammograms  for   these   sys tems are shown  in  the  following 

pages.  

89 



W 
0 

-320.0 

8 -640.0 
d 

u 
-960.0 

Electrode - Ag oxide 
Electrolyte - Butyrolactone-A1C1  tLiC1 
Sweep rate - 40 mv/sec 3 

1 I I I I I I I I I 
0 -0. 8 -0. 6 -0. 4 -0. 2 0 0. 2 0. 4 0. 6 0. 8 1. 0 

-1280.0 

- 

VOLTS POLARIZATION 

Figure 1 3  



128. 0 

96. 0 
w 
0 
p: 
z c 
u 64.0 

32. 0 

N 

E 
0. 0 

V 

z 
-32 .  0 

0 -64. 0 w 

3 u 
2 n -96. o 

-128. 0 

. Electrode - Ag F 2 
Electrolyte - Propylene  carbonate-LiBF 
Sweeprate - 40 mv/sec  
Temp.  30°C 

4 

I I i I I I I I I I I 

-1. 0 -0. 8 -0. 6 -0. 4 -0. 2 0 0. 2 0. 4 0. 6 0. 8 1. 0 

VOLTS  POLARIZATION 
Figure 14 



355. 2 

266.4 

177. 6 

88. 8 

0. 0 

-88. 8 

- 177. 6 

-266.4 

- 3 5 5 . 2  

Electrode - Cu 
Electrolyte - Acetonitrile-KPF t LiPF 
Sweep rate - 40 m v / s e c  6 6 

- 
Temp. 

- 

30" C 

I 

I I I I I 
-1. 0 -0. 8 -0. 6 -0 .  4 -0. 2 0 

I I I 
0. 2 0. 4 0. 6 0. 8 

VOLTS  POLARIZATION 

Figure  15 



1368. 0 

912. 0 

456. 0 

0. 0 

-456. 0 

-912 .0  

. .  

rn u - 1368. 0 

d 

- 1824. 0 

- E l e c t r o d e  - Cu 
E lec t ro ly t e  - Dimethy l fo rmamide  - LiPF6 
Sweep   r a t e  - 40 m v / s e c  
Temp.   30"  C 

- 1 . 0  -0. 8 -0.  6 - 0 . 4  - 0 . 2  0. 0 0 . 2  

VOLTS POLARIZATION 

F i g u r e  16  

0.4 -. 6 -. 8 1.0 



424.0 

318. 0 

212.0 

106.0 

0. 0 

- 106. 0 

-212.0 

Electrode - CuC12 
Electrolyte - Acetonitrile-LiPF 
Sweep rate - 40 mv/sec 
Temp. 30°C 

6 

-1. 0 -0. a -0. 6 -0. 4 80. 2 0 0. 2 0. 4 0. 6 0. 8 1. 0 

VOLTS POLARIZATION 

Figure 1 7 



1599.0 I 
Electrode - CuC12 

w u Electrolyte - Butyrolactone  -MC1 3 

5 1066. - Sweep rate - 40 mv/sec 
Temp. 30" C 

5 33. 

0. 

-533. 

w 
2-1066. 

I I I I 1 I I I I 

-1.0 -0. 8 -0. 6 -0. 4 -0. 2 0 0. 2 0. 4 0. 6 0. 8 

Figure 1 8 



128. 

w 

4 x 

96. 

2 
64. 

32. 

N 

E u 0. 

-32. 

- 128. 

I 

-1. 0 -0. 8 -0. 6 -0. 4 -0. 2 0 0. 2 0. 4 0. 6 

VOLTS POLARIZATION 

Figure  1 9  

0. a 1.0 



600. €I 

400.0 

200.0 

0. 0 

-200.0 

8 -400.0 
2 
i i  
-600.0 

Electrode - CuC12 

Electrolyte - Dimethylformamide -LiPF 
Sweep  rate - 40 mv/sec 
Temp. 30°C 

I 

-1.0 -0.8 -0.6 -0. 4 -0. 2 0 0. 2 

VOLTS  POLARIZATION 

0. 4 0. 6 0. 8 

v 

A 

1. 0 

Figure 2 0  



kl 640.0 u 

3 
U 320.0 

nl 
E 

0.0 

u 
\ 

E" 
-320.0 

-640.0 
w 
p: 
4 z u 

- 9 6 0 . 0  

-1280.0 

Electrode - CuClz 

Sweep  rate - 40 mv/sec 
Temp. 3OoC h 

- Electrolyte - Propylene  carbonate-LiC104 

VOLTS  POLARIZATION 

Figure 21 



1200 

so0 

400 

0. 0 

-400 

-800 

3 
cn u 
5i-1200 

- 1600 

-2000 

co 
W 

Electrode - CuF2 
Electrolyte - Dimethylformamide-LiPF 
Sweep rate - 40 mv/sec 
Temp. 30°C 

6 

-1. 0 -0. 8 -0. 6 -0. 4 -0. 2 0 0. 2 0. 4 0. 6 0. 8 1. 0 

VOLTS POLARIZATION 

Figure 22 



N 

E 

E 
\ 
V 

ld 0. ( 

100. ( 

- 150. ( 

Electrode .. GuFZ 
Electrolyte - Propylene  carbonate -LiPF 
Sweep rate - 40 mv/sec 
Temp. 3OoC 

6 

- 

I I 1 I I I I I I I I 

-1.0 -0. 8 -0. 6 -0. 4 -0. 2 0 0. 2 0. 4 0. 6 0. 8 1. 0 

VOLTS  POLARIZATION 

Figure 23 



1 

68. 4 

w u 2 45.6 
x u 

22. 8 

N 

E 2 0. 0 

-22.8 

-45.6 

-91.2 

0 
CL 

CL 

I I I I I I I I I I I 

- 1. 0 -0. 8 -0. 6  -0.4 -0. 2 0 0. 2 0. 4 0. 6 0. 8 1. 0 

VOLTS POLARIZATION 

Figure 24 



640.2 

426.8 

213.4 

0. 0 

-213.4 

-426.8 

Electrode - Zn 

Sweep rate - 40 mv/sec 
Temp. 30" C 

- Electrolyte - Acetonitrile-LiC10 4 

- 

- 

- 

VOLTS POLARIZATION 

Figure 25 



96.0 

64. 0 

32.0 

0. 0 

-32. 01 

-64.0 

-96.0 

Electrode - Zn 

Sweep  rate - 40 mv/sec 
Temp. 30°C 

' Electrolyte - Butyrolactone-KPF 

- 

I I s I P I I I I I 

-1.0 -0. 8 -0. 6 -0.4 -0.2 0 0. 2 0.4 0.6 0.8 1. 0 

VOLTS POLARIZATION 

Figure 26 



533; 6 

400.2 

266.8 

133.4 

0.0 

-133*4 t 
-266.8 

I 

-400.2 t 
-533.6 , - !  

-1.0 -0. 8 -0. 6 -0. 4 -0.2 0 0.2 0.4 0. 6 0. 8 1. 0 
VOLTS  POLARIZATION 

Figure 27 



426' '1 Elect rode  - Zn 
Elec t ro ly te  - Dimethyl formamide-LiPF 

' Sweep rate - 40 m v / s e c  6 

319. 8,-  Temp* 300 
~ 

213.2- 

106.6 - 

0. 0 

- 106.6 - 

-213.2- 

w u 
4 -319.8- & 

x 
2 
E; 

-426.4 ' I I I I II I I I I 1 
-1. 0 -0. 8 -0. 6 -0. 4 -0. 2 0 0. 2 0. 4 0. 6 0. 8 1. 0 

VOLTS  POLARIZATION 
Figure   28  



512.0 
U 
0 w Q, 2 

z ' 384. 0 
0 

256.0 

128.0 

N 

E u 0. 0 

- 128, 0 

-256.0 

w 

z ' -384. 0 
u 

2 

-512.0 

Electrode - Zn 
Electrolyte - Dimethylformamide- L 

' Sweep rate - 40 mvrsec 
Temp.  30°C 

L 

'10 

Errat ic  Region 

- 1. 0 -0. 8 -0. 6 -0. 4 -0. 2 0 0. 2 0. 4 0. 6 0. 8 1. 0 

VOLTS  POLARIZATION 

Figure 2 9  



56. 0 

42. 0 

28. 0 

14. 0 

0. 0 

-14.0 

-28.0 

-42.0 

-56.0 

Temp. 30" C 

Elec t rode  - Zn 
Elec t ro ly te  - Propylene  Carbonate-  wF6 
Sweep  ra te  - 40 m v i s e c  

I I I I I 1 I] I I I 
- 1. 0 -0. 8 -0. 6 -0. 4 -0. 2 0 0. 2 0.'.4 ' 0. 6 0. 8 1. 0 

VOLTS POLARIZATION 
F i g u r e  30 



480.0 

320.0 

160.0 

0. 0 

- 160.0 

- 3 2 0 . 0  

-480.0 

-640.0 

~~~ -~ _ _ _ ~  ~~~~ 

Electrode - ZnF2 
Electrolyte - Dimethylformamide-KPF 
Sweep rate - 40 mv/sec 
Temp. 3OoC 

6 

\ 

I I 1 I I 1 I 1 I 

-1. 0 -0. 8 -0. 6 -0. 4 -0. 2 0 0. 2 0. 4 0. 6 0.8 1. 0 

VOLTS POLARIZATION 

Figure 3 1  



I 

320.0 

256.0 

192.0 

128.0 

64. 0 

0. 0 

-64.0 

-128.0 

-192.0 

E l e c t r o d e  - Z n F 2  
E l e c t r o l y t e  - Dimethy l fo rmamide  - LiC104 
Sweep rate - 40 mv/sec 

Z e m p .  3OoC 

-1. 0 -0. 8 -0. 6 -0.4 -0. 2 0 0. 2 0. 4 

VOLTS POLARIZATION 

Figure 3 2  

0. 6 0. 8 1. 0 



240.0 

160.0 

80. 0 

0. 0 

-80. 0 

- 160.0 

-2400 0 

-320.0 

-400.0 

Electrode - Cd 
Electrolyte  - Butyrolactone-KPF 
Sweep  rate - 40 m v / s e c  
Temp. 30" C 

6 

1 

I 

ii 
1 I I I I I 1 I I I I 

-1. 0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0 .6  0.8 1. 0 

VOLTS  POLARIZAT.ION 

Figure  33 



320.0 

240.0 

W 160.0 
(3 

x u 
2 

80. 0 

N 
E 

0.0 

V 
\ 

i! 
-80.0 

f4 
(3 

z 
2 -240.0 

-160.0 

2 
R" 

- 320.0 

-400.0 

-1. 0 -0.8 -0.6 -0.4 -0.2 0 0.2  0.4 0.6 1. 0 
VOLTS  POLARIZATION w 

t-r 
w ! 

Figure. 34 



1, 280. 0 

960 .0  

w u 
& 
4 x u 

N 

E, 
0 

640.0 

320. 0 

0. 0 

-320. 0 

-640.0 

w 
8 -960.0 

8 
8 
a -1 ,280 .0  

Electrode - Cd 
Electrolyte - Dimethylformamide-LiB: 

Temp. 30" C 
- Sweep  rate - 40 mvlsec 

\ 

-1 .0  -0.8 -0. 6 -0.4 -0. 2 0 0. 2 0. 4 0. 6 0.8 1 . 0  

VOLTS  POLARIZATION 

Figure 35 



w 
3 
5: u 

N 

E 
\ 
0 

$ 

960.0 

640.0 

320.0 

0. 0 

-320.0 

-640.0 

-1280.0 , 

Elec t rode  - Cd 
Electrolyte  - Dimethylfo  rmamide  -LiC10 

Sweep rate - 40 mv/sec  
Temp. 30°C 

-1. 0 -0. 8 .O. 6 -0. 4 -0. 2 0 0. 2 

VOLTS  POLARIZATION 

I 

0. 4 0. 6 0.8 1. 0 

F i g u r e  36 



K. Galvanostat ic   Charge  -Discharge - Measuremen t s  

The  major   port ion of the   p rogram  was   to   sc reen  by cycl ic   vol tammetry a 

ve ry   l a rge   number  of systems  in  order  to  choose  those  having  sufficient 

in te res t   for   fur ther   ana lys i s .  In order   to   properly  fur ther   evaluate   the 

24 recommended  systems,   constant   current   charge  and  discharge  measure-  

ments   were   made  on sintered-type  electrodes.   The  purpose of this  effort  

was  to   measure  the  discharge  capaci ty  as a function of charge  input,   to  pro- 

vide  information on ut i l izat ion  eff ic iency  and  system  reversibi l i ty  as indi- 

cated by  the  voltage  separation  between  charge  and  discharge  plateaus. 

Percent   ut i l izat ion,  as used   he re ,  is defined as the  ratio of the  specific 

discharge  capaci ty   to   the  specif ic   charge  capaci ty ,   both  expressed  in  

coulombs  per   square  cent imeter .  A plot of the  discharge  capacity  (coul- 

ombs  del ivered)   versus   the  charge  capaci ty   (coulombs  passed)   for   dif ferent  

charge  inputs  should  give a s t ra ight   l ine  whose  s lope  represents   the  percent  

utilization. If the  coulombic  input  exceeds  that   required  for  the  desired 

charge  react ion,  so tha t   the   incrementa l   coulombs   a re   u t i l i zed   for   some 

other  anodic  reaction  the  product of which is  not  dischargeable,  then  the 

plot   wi l l   depart   f rom  l inear i ty   and  ul t imately  reach a slope of zero .   This  

tendency  towards a decreas ing   s lope ,   o r   towards   an   asymptot ic   va lue ,   wi l l  

also  be  indicated if  the   charged  mater ia l   becomes  unavai lable   for   discharge,  

e i ther   due  to   dissolut ion,   mater ia l   detachment ,   or   deact ivat ion of any  kind. 

Also,   the   charge  process   may be more  eff ic ient   than  the  discharge  process ,  

s o  that  a l e s se r   amoun t  of cha rged   ma te r i a l  is discharged,  this  becoming 

more   p ronounced  at the  greater   depths  of conversion  (higher  charge  capa- 

c i ty   values) .  
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Charge  - discharge  plots  showing  the  coulombs  delivered as a function . 

of the  charge  input,   and  representative  voltage-time  curves are included 

in  the f igures .   Discharge   capac i t ies   were   measured  at a break  in   the 

discharge  plateau at an  appropriate  cutoff  voltage  within 0.5 volt  negative 

to the rest   potent ia l .  In some  instances  the  knee of the  discharge  plateau 

became  less   wel l -def ined as the tests progressed,  possibly  due to inc reas -  

ing  effective  electrode area on cycling. In such  cases  the  cutoff  voltages 

were   t aken  at potentials  consistent  within a given  triplication of m e a s u r e -  

ments .  

Where  the  reduction of dissolved  e lectroact ive  mater ia l   was  suff ic ient   to  

cause  a prolonged  discharge,   the cutoff  was  set at 120% of charge.  Pro-  

longed  discharge  occurs  when  the  discharge  current  density is less   than  

the  limiting  diffclsion  current  for a given  concentration of dissolved  electro- 

ac t ive   mater ia l .  In this   case a drop-off  in  the  discharge  plateau  occurs 

gradually as a function of the  concentration of e lectroact ive  mater ia l   in  

the  bulk  solution. In m o s t  of the  systems  the  concentration of e l ec t ro -  

ac t ive   mater ia l   in   the   sa tura ted   e lec t ro ly te  is sufficient  to  maintain 

diffusion  currents of 1 m a / c m  . If the  reduction of dissolved  mater ia l  

takes  place at potentials  coinciding  with  the  discharge of sol id   mater ia l ,  

the   discharge  may be masked  or  incomplete,   and  accordingly  build  up on 

the  e lectrode as cycling is continued. It is l ikely  in  this  case that higher 

limiting  current  values  can  result,  depending  on  the  dissolution  rate of 

sol id   mater ia l   on  the  e lectrode  surface.  

2 

The  highest   metal   ion  concentrat ion  measured  in   previous  work  was 

4 x 10 M. The  l imiting  current  for  this  concentration  for a two-electron 

change  a t  a planar   e lectrode is less   than 4 m a / c m   b a s e d  on known resu l t s  

in  aqeuous  solution.  Likewise,  the  contribution of dissolved  mater ia l   to  

- 2  

2 

115 



the   t ransi t ion  t ime  for  a current   densi ty  of 5 m a / c m  is of the  order  of 

50 seconds ,   o r   l ess   than  3% of the  1arges.t  charge  input (10  cou l / cm ) 

in  these  tests.   Consequently a l inear  relationship  between  the  coulombs 

passed  during  charge  and  discharge  tes ts   must   represent  a m e a s u r e  of 

the  utilization  efficiency  for  discharge of solid  product  formed  during  the 

charge  react ion.  

L 

2 

Almost  all sys tems  show a prolonged  discharge at the  low  current  density 

(1  m a / c m  ) giving  uti l ization  efficiencies  greater  than 120%. In these 

ins tances ,   t r ip l ica te   measurements   were   t aken   on ly   for   the   smal les t  

charge  input ( 0 .  10 coul /cm ), where  discharge  was  allowed  to  continue 

until   0.20  coul/cm  was  passed.  Single  tests  on all succeeding   measure-  

men t s  at 1 ma/cm  were   made   a l lowing   the   d i scharge   to   p roceed   to   120% 

of the  charge  input. A minimum of th ree   t e s t s   was   made  at all charge 

inputs   where a drop-off  in  the  voltage of the  discharge  plateau  was  evident 

prior  to  the  120%  stopping  point,  except  in  those  instances  mentioned  in 

the  text. 

2 

2 

2 

2 

In the  charge-discharge  plots ,   the   c i rc les   represent   the  average of a 

minimum of three  discharge  tes ts   unless   otherwise  indicated.   The 

var ia t ion   wi th in   each   se t  of t e s t s  is shown by the  ver t ical   l ines ,   the   cross  

bars   indicat ing  individual   tes t   resul ts .   The  sequence of a g iven   tes t   resu l t  

within a set of m e a s u r e m e n t s  is indicated by the  number  next   to   each  bar ,  

In some  cases   the  reproducibi l i ty  of th ree   t es t s   l i es   wi th in   the   range  of 

the circle .  
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1. Silver  Oxide  Electrode  in  Butyrolactone-LiC1 + AlCl 3 

Initial d ischarge   for  this system  was  ni l .   Immediate   polar izat ion  on  dis-  

charge   was   g rea te r   than  0.8 volts. Less than 1570 utilization of the 10 

coul /cm  e lectroformed  s i lver   oxide  was  recovered at a current   densi ty  

of 3 m a / c m  . The  regular   tes t ing  procedure  was  fol lowed  af ter   these 

ini t ia l   d ischarge tests. Charge-discharge  plots   for   this   system are l inea r  

with a slope indicating a utilization  efficiency  better  than 8070 for  both  the 

1 and 5 m a / c m  tests. These   a re   shown as Figures  37 and 38.  The  voltage 

separat ing  charge  and  discharge  plateaus at 1 and 5 m a / c m   a r e  0 .3  and 

0.5 volts  respectively.   Results  indicate the discharge of solid state m a t -  

erial formed  during the charge  cycle at all capaci t ies .   This   system is 

recommended  for  further  study. 

L 

2 

2 

2 

2. Copper   Electrode  in   Acetoni t r i le-LiPF + K P F  6 6 

This   system  exhibi ted  prolonged  discharge at all charge  input  values for 

both 1 and 5 m a / c m  . The  voltage  separating the charge  and  discharge 
2 

plateaus at 5 m a / c m   w a s  0. 12 v,  indicating  high  electrochemical  activity 

for   dissolved  mater ia l .   Examinat ion of the  electrode  showed  that  exten- 

sive  disintegration  had  taken  place,   with  only a sma l l  port.ion remaining 

attached  to  the  lead  wire  contact.   Results  indicate a high  contribution  to 

the  discharge  due  to  dissolved  electroactive  copper  material ,   and  loss of 

electrode  integrity  on  charge.   This  system  should  be  eliminated  from 

further  study. 

L 
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3.  Copper   E lec t rode   in   Dimethyl formamide  -LiPF 6 

This   system  showed  prolonged  discharge  (ut i l izat ion  eff ic iency  greater  

than 120%) for   the 1 m a / c m  tests. The  voltage  separating  the  charge  and 

discharge  plateau  was  only 0.03 volts at 1 ma/cm  indicat ing  high  e lectro-  

chemical   act ivi ty   for   dissolved material. A drop-off  in the discharge 

plateau  occurred  only  for   the 5 m a / c m  tests where  the  voltage  separation 

was  0.1 volts.   The  charge-discharge  plot  is shown  in  Figure 39. 

2 

2 

2 

2 
The  average  uti l ization  efficiency  for all charge  inputs at 5 m a / c m  is 

42%.  Reproducibility is good  for  the  two  lowest  charge  input  values, 

however a sp read   f rom 1 . 3  to   4 .8   coul /cm  resu l t s  at the 5 cou l / cm 

charge  input,   with  values  increasing  with  cycling. A s imi la r   e f fec t  is 

noted at the 10 coul/cm  charge  input.   Only  two  tests  were  made at this 

point  since  loss of contact  caused by electrode  dis integrat ion  occurred 

after the second  discharge  cycle ,   Examinat ion of severa l   p ieces  of the 

electrode,  which  had  fallen  to  the  bottom of the  cell ,   revealed a large  hole  

pat tern  had  developed  in   the  central   por t ion of the  electrode.  This  system 

should  be  eliminated  from  further  study. 

2 2 

2 

4. Copper   Fluoride  Electrode  in   Dimethylformamide -LiPF 6 

The  test procedure   remained   the   same  except   tha t   an   in i t ia l   d i scharge  is 

introduced  to  bring  the  electrode  to  an  init ial   discharged state. 

Discharge of ac t ive   mater ia l   occur red   readi ly   for   the   CuF  /DMF-LiPF 
7 2 6 

sys t em at 5 m a / c m  . The  discharge  t ime  to  a cutoff  voltage of - 0.6  v 

corresponded  to   20  coul /cm , which  was  better  than  80%  uti l ization  based 

on  weight  gain  measurements  for a control led  e lectrode.   The  regular   tes t  

procedure  was  then  followed after this   ini t ia l   d ischarge.  

L 

2 

Prolonged  discharge  (ut i l izat ion  eff ic iency  greater   than 120%) o c c u r r e d   f o r  

12 0 
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2 2 all tests at 1 m a / c m  . The  charge-discharge  plot   for   the 5 m a / c m  tests 

is shown  in  Figure 4.0. The  uti l ization  efficiency  based  on the bes t   s t ra ight  

line  through all the  points is 72%. Polar izat ion  between  charge  and  dis-  

charge  plateaus is 0.3 vol ts .   The  discharge  curve  for   the  largest   charge 

input is shown  in  Figure 41. Further   tes t ing of this sys t em is recommended.  

5. Copper   Fluoride  Electrode  in   Propylene  carbonate  .- -LiPF ~. . 6 

Initial discharge of chemoformed  f luoride  mater ia l   for   the  CuF  /PC-LFPF 

sys tem  was   n i l .  A discharge  plateau  resul ted  only  for   currents   less   than 
2 2 

0 .5  m a / c m  . However ,   charge-discharge  curves  at 1 ma /cm  r evea led  

measurable   charge  ut i l izat ion  and  therefore   the  regular   tes t ing  procedure 

was  followed.  The  t ime-voltage  curves  showed  polarization  between 

charge  and  discharge  plateaus of 0.5 and 1.2 volts  respectively  for  the 1 

and 5 ma/cm  tes t s .   The   charge-d ischarge   p lo ts   (F igures  42 and  43)  also 

show  strong  dependence  on  current  density,   giving  an  average  uti l ization 

efficiency of '7570 at 1 m a / c m   a n d  570 for  the 5 ma/cm  tes ts .   Only  one 

2 6 

2 

2 2 

point  was  obtained at the  10  coul /cm  charge i.nput  due to   separat ion at 

the  wire  lead-electrode  junction.  This is one of the  few  systems  in  which 

the  discharge at the 1 ma /cm  cu r ren t   dens i ty  is not  masked by  prolonged 

discharge of dissolved  act ive  mater ia l .  It is l ikely  that   the  chemoformed 

fluorination  product  on  the  electrode  surface is a controlling  factor  affect- 

ing  the  charge-discharge  process .   Further   character izat ion of th i s   sys tem 

is in  order.  

L 

2 

6. Copper   Chlor ide  Electrode  in   Dimethylformamide-LiPF 6 

Init ial   discharge of the  chemoformed  copper  chloride  electrode at 4 rna /cm 

corresponded  to  2 1  cou l / cm . The  regular  testing  procedure  was  followed 

af ter   this   ini t ia l  test. 

L 

2 

Tests  on  this  system  showed a variation  in  the  charge  and  discharge 

12 2 
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potential   for  the first few  charge  input  values.  During this time  both  the 

charge  and  discharge  plateaus  occurred at posit ive  potentials.   The  tests 

at 1 ma/cm  showed a two  plateau  charge at + 0.2 and + 0.4 volts,  with 

a discharge at t 0.2 volts,  with  about 5070 utilization  efficiency at 0. 10 
2 2 2 

coul /cm  charge.   The 5 m a / c m   t e s t s   f o r  the 0. 10 coul /cm  charge  

showed a single  charging  plateau at I- 0.25 volts.  with  no  discharge. A 

second  charging  plateau  was  observed at I- 0.7 volts (at the 1.0 cou l / cm 

charge)  with  about 20% uti l izat ion.   Similar   resul ts   occurred  for  1 m a / c m  

at the 1 coul /cm  tes t .   These  effects   disappeared  af ter   an  overnight  

stand  whereupon all t e s t s  at 1 ma/cm  showed  prolonged  discharge,   and 

only  single  dharge  plateaus  were  observed  for  both  high  and  low  current 

densi t ies .   The  remainder  of the   t es t s  at 5 ma/cm  showed  two  discharge 

plateaus  within - 0. 3 v relative  to  the  reference  electrode,  with  overall  

utilization  varying  between 80 and 13070, indicating a high  contribution 

due  to  dissolved  material .   The  charge-discharge  plot   for  the 5 m a / c m  

t e s t s  is shown  in  Figure 44. The  resul ts   suggest   an  effect  due  to  residual 

chlor ide  mater ia l   remaining  within  the  pores  of the  electrode  from  the 

ini t ia l   d ischarge of the  chemoformed  copper  chloride.   The  chloride  ion 

would  be  expected  to  diffuse  gradually  to  the bulk solution  because of the 

high  solubili ty  (greater  than 2 m )  of LiCl  in DMF. Further  testing  with 

controlled  chloride  ion  concentration is requi red  to clar i fy   these  resul ts .  

2 

2 

2 

2 '  

2 

2 

2 

7. Copper  Chloride  Electrode  in  Acetonitri le -LiPF 6 

2 
Ini t ia l   d ischarge of th i s   sys tem  occurred   readi ly  at 5 m a / c m  , indicating 

grea te r   than  9070 utilization of the  chemoformed  material .   The  regular 

tests  which  followed  this  init ial   discharge  showed  no  drop-off  in  the 

discharge  plateau  for   e i ther   the 1 o r  5 ma/cm  tes t s .   The   vo i tages  

separat ing  the  charge  and  discharge  plateaus  were 0.3 and 0.5 vol t s   for  

the  low  and  high  current  densit ies  respectively.   The  results are s imi l a r  

to   those  observed  for   the  Cu/AN-LiPF t K P F  system  and  suggest   that  

diffusion of res idual   chlor ide  ion  away  f rom  the  e lectrode  surface  occurs .  

2 

6 6 

12 7 



14. .O 
I Electrode - Sintered CuC1, 

Electrolyte - DMF-LiPF 
Temp. 30" C 
Current  Density - 5 m a / c m  

Broken  l ine  represents 100%  utilization 

L 

6 
2 

- 2  

/ 
/ 

/ 
/ 
I 

. 3  
- 1  

0.0 L'O I 
0. 0 2 .0 4 .0  6.0 8. 0 

CHARGE  (coul/cm ) 
2 

10.0 

Figure 44. Coulombs  delivered as a function of coulombs  passed 



rap id ly ,   mos t  of it taking  place  probably  during  the  preconditioning  phase 

of the test procedure .   This   sys tem is not  recommended  for  further  study. 

8. "- Copper  Chloride ~~ . Electrode - in  .~ Propylene  carbonate  -LiClO 
~. ." 4 

Ini t ia l   d ischarge of chemoformed  copper  chloride  in this electrolyte   was 

poor.   Electrode  polarization at cur ren t   dens i t ies   g rea te r   than  1 m a / c m  

was   more   than  1 volt   and  therefore  no  measure of act ive  chlor ide  mater ia l  

was  obtained.  The  regular  testing  procedure  was  followed  after  these 

in i t ia l   t es t s  . 

2 

2 Prolonged  discharge  for   the 1 m a / c m   t e s t s   o c c u r r e d  at charge  inputs of 

0. 10 and 1 .0  cou l / cm , while  drop-offs  in  the  discharge  plateau  occurred 

for   the 5 and 10 cou l / cm  t e s t s .  No t e s t s  at 5 ma /cm  were   comple t ed  

s ince  e lectrode  polar izat ion  greater   than 1 volt  for  both  charge  and  dis- 

charge  cycles  w a s  observed.  The  voltage  separating  the  charge  and 

discharge  plateaus  for  the 1 ma/cm  tes t s   was   in i t ia l ly   g rea te r   than  0. 7 v, 2 

but  then  began  to  decrease  with  cycling  during  the 5 coul /cm  tes t s ,   and  
2 2 

was  less   than  0 .4  v for  the 10 cou l / cm test. Only  one t e s t  at 1 m a / c m  

was  completed at this  highest   charge  input due  to  loss of contact as a 

r e su l t  of electrode  disintegration. 

L 

2 2 

2 

The  charge-discharge  plot   for   this   system is shown  in  Figure 45. The  

average  uti l ization  efficiency  for  the  three  tests at 5 coul /cm2 is 8470 

while  the  point at 10 coul /cm  cor responds   to  96%. This   sys tem  mer i t s  

fur ther   s tudy  in   view of the  improvemknt  of the  charge-discharge 

character is t ics   with  cycl ing,   and  the  high  ut i l izat ion  eff ic iency,  

2 

9. Zinc  Electrode  in  Acetonitri le  -LiClO 4 

2 
This   system  showed  prolonged  discharge at 1 m a / c m  with  relatively no 

polarization  separating  the  charge  and  discharge  plateaus,   indicating,  high 
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electrochemical   act ivi ty   for   dissolved  act ive  mater ia l .  

The  charge-discharge  plot   for   this   system  (Figure 46)  for  the 5 m a / c m  

tests shows  discharge  capaci t ies   less   than 0.8 coul /cm at all charge  inputs.  

These  resul ts   indicate   poor   ut i l izat ion of solid state act ive  mater ia l .  No 

fur ther  tests are recommended.  

2 

2 

10. Zinc  Electrode ~~ . in   Dimethylformamide-LiC10 . 4 

Test   resu l t s   were   s imi la r   to   those   for   Zn/AN-LiC10  The   charge-d is -  

charge  plot  is shown  in  Figure  47.   This  system is not  recommended  for 

fur ther   t es t s .  

4' 

11. - Zinc _" - Electrode - in   Dimethyl formamide-LiPF . 6 

The  system  Zn/DMF-LiPF  shows  prolonged  discharge  with  low  polar iza-  

t ion at 1 ma/cm  indicat ing  high  e lectrochemical   act ivi ty   for   dissolved 

material .   The  uti l ization  efficiency at 5 m a / c m  , while  linear  up  to  the 

5 cou l / cm , is less   than  6070 and  then  tends  to  drop off to  an  average of 

3770 at 10 cou l / cm . The  charge-discharge  plot  is shown  in  Figure 48. 

The  resul ts   indicate   that   charging of this   e lectrode  to   higher   charge  inputs  

proves   de t r imenta l   to  its utilization  efficiency.  This  system  does  not 

meri t   fur ther   s tudy.  

2 6 

2 

2 

2 

12. - Zinc ~- Elec t rode   in   Dimethyl formamide   -KPF 
. ~ - -~ -~ " . 6 

Charge-d ischarge  tests were   ca r r i ed   ou t   i n  two  electrolyte  concentrations 

at 0.75  m  and 2 . 0  m.  Both  systems  show  prolonged  discharges at 1 m a / c m  

wi th .10~  po lar iza t ion ,   ind ica t ing   ac t iv i ty   for   d i sso lved   mater ia l .   At  5 m a /  

c m  , the  voltage  separating  the  charge  and  discharge  plateaus  was 0.3 v 

for   the  lower  concentrat ion,   and 0.6 v fo r  the high  concentration, as seen  

in   F igure  49. A pronounced  cycling  effect is evident  in  the  charge-discharge 

2 

2 

- 
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p lo t s   fo r   t hese   two   sys t ems  as indicated  in   Figures   50  and 51. At  the 

lower   concent ra t ion   (0 .75   m)   the   u t i l i za t ion   increases   p rogress ive ly   wi th  

each  cycle  at the 5 coul/cm  charge  input,   having  an  average of 6270 

compared   to  16% for  the  high  concentration (2. 0 m )   w h e r e  no  significant 

cycling  effect is noted. A cycling  effect   improves  the  uti l ization  for  the 

2 

high  concentration at the 10 coul /cm  charge   input   to   an   average  of 42%. 

The  uti l ization  for  the  low  concentration at 10 cou l / cm is 74%. A test 

L 

2 

at 5 coul/cm  on  the  high  concentration  system  was  made  after  the 

regular  testing  sequence  had  been  followed  and  showed a utilization 

efficiency of  46'7'0. 

L 

These  data   i l lustrate   the  s ignif icant   effect  of concentration  and  cycling, 

on  uti l ization  efficiency,  and  point  out  the  importance of these  factors   in  

the  opt imum  electroformation of high  charge  densi ty   posi t ive  plates .   From 

this  viewpoint the s y s t e m  is of in te res t .  

13. Zinc  Electrodes  in  Butyrolactone  and  Propylene ~~ ~~ carbonate - - K P F  ". 6 

The  sys tems  Zn/B1-KPF  and   Zn/PC-KPF  behaved   s imi la r ly .   Both  

showed  prolonged  discharge at 1 ma/cm  (d ischarge   capac i ty   over  120% of 

the  charge  input)  indicating  reduction of dissolved  mater ia l ,   and  less   than 
2 2 

15% utilization  efficiency at 5 ma/cm  for   charge  inputs   up  to  5 coul /cm . 
The  curves   for   th i s   and   lower   charge   inputs   show  re la t ive ly  flat charging 

plateaus,   followed  by  smaller  polarized  discharge  ( less  than 1. 0 coul /cm ) 

with  half-cell   voltages  dropping  rapidly  to  greater  than - 0. 5 vol t ,   The  

voltages  separating  the  charge  and  discharge  reaction are 0.2 and 6.0 volts 

for   the   Zn/BL-KPF  and   Zn/PC-KPF  sys tems  respec t ive ly .   At   the  10 

coul /cm  charge  input ,  a second  apparently  overlapping  discharge  becomes 

evident as seen  in   the  discharge  curves   for   the  Zn/BL-KPF  system  shown 

in   F igure  52. The  result ing  enhancement  in  uti l ization  efficiency at 10 

coul /cm  charge   can  be seen  in   the  charge-discharge  plots   for   these  two 

sys t ems   i n   F igu res  53 and 54. 
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2 
The  enhanced  uti l ization at the 10 coul /cm  charge   input   may  resu l t   f rom 

an  increase  in   the  effect ive  porosi ty  of the  e lectrode,   caused by  the  pene- 

t ra t ion  of the charging  reaction  to  deeper  levels  within  the  pores of the 

electrode,   resul t ing  in   improved  charge  re tent ion  and  ut i l izat ion  eff ic iency.  

14. Cadmium  Electrode  in   Dimethylformamide - K P F  6 

2 
This   system  shows  prolonged  discharge  for  the 1 ma/cm  tes t s   wi th   low 

polarization  between  charge  and  discharge  plateaus,   indicating  high 

electrochemical  activity of dissolved  mater ia l .   The  charge-discharge 

plot  for this sys t em at 5 m a / c m  is shown  in  Figure 55. Although  the 

uti l ization  efficiency is about 4670 taken  up  to 5 cou l l cm , the   discharge 

2 

2 

capacity at 10 coul /cm of charge is greater  than  100%  indicative of d i s -  

charge  due  to  dissolved  material .   Examination of the  working  electrode 

revealed a build-up of a spongy  grey  mater ia l   adhering  to   the  e lectrode 

sur face ,   which   appears   to   represent  a mixture  of reduced  metal   and 

anodic  product. It is l ikely  that   dissolution of this mater ia l   near   the  

electrode  tends  to   ra ise   the  l imit ing  current   for   reduct ion of dissolved 

act ive  mater ia l .  

L 

15. Cadmium  Electrode  in   Dimethylformarnide  -LiBF 
4 .  

Sintered  cadmium  in   DMF-LiBF  shows  prolonged  discharge at 1 m a / c m  

with 0.03 v polarization  between  charge  and  discharge  plateaus,   indicating 

high  electrochemical  activity  for  dissolved  rnaterial .   The  tests at 5 m a / c m  

gave a small   d ischarge  plateau  near  0.00 v which  increased  f rom 0 .3  to 

0.8 coul/cm  with  cycling,  followed  by a second  discharge  plateau at - 0 . 0 7 ~  

which  did  not  drop off within 120% of the  charge  time.  The  charge  -discharge 

2 
4 

2 

2 
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plot   for  the first plateau is shown  in  Figure 56 represent ing a uti l ization 

efficiency of less   than  15%  for  all charge  inputs ,   The  resul ts   indicate  a 

low  availability of so l id   mater ia l   and  a high  availability of dissolved 

m a t e r i a l  at the  e lectrode  surface,   which  may  resul t   f rom a high  dissolution 

rate of the  electroformed  product.  

This   sys tem is not   recommended  for   fur ther   tes t ing.  

16. Cadmium  Electrode  in   Dimethylformamide "~ - .  ~ ~ _ _ _ _ _  -LiClO 

The  charge-discharge  plot   for  this  system is shown  in  Figure 57. A 

utilization  efficiency of 5 3 %  is calculated  from  the  best   straight  l ine 

through all points.  The  discharge at the  lower  charge  inputs (0. 10 and 

1. 0 cou l / cm ) is reproducible  and falls within  the  circular  points.  At 

the  higher  charge  inputs  the  spread of individual  points  among a given set 
2 2 is greater   than 2 coul /cm . At 5 coul /cm , the  lowest  discharge is 

comparable  to  values  obtained at the  lower  charge  levels.   The  average 

uti l ization  efficiency  (calculated  only  for  the  largest   charge  input,  10. 0 

coul /cm ) is 6370, a value  greater  than  the  average  for all the  tes ts .  

These  effects  may  be  explained  as  follows.  The  large  spread at the 

higher   charge  level  (10. 0 coul /cm ) can   resu l t   f rom  the   expec ted   forma-  

tion of so l id   s ta te   mater ia l  at deeper  levels  within  the  pores of the  elect-  

rode  where  contact  to  the  metal is favored,  thus  minimizing  the  relative 

significance of gross   loss   effects .  It is expected  on  this  basis  that   this 

system  and  others   with  s imilar   behavior   wil l   show  an  improvement  of 

the  utilization  efficiency at larger  charge  inputs  (20-50  coul/cm ). 

2 

2 

2 

2 

This   sys tem is recommended  for  further  consideration. 

17. Cadmium  Electrode  in  Butyrolactone  -KPF "6 

The  discharge   curve   for   the   sys tem  Cd/BL-KPF is shown  in  Figure  58.  6 
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The  curve  shows  very  low  ini t ia l   polar izat ion (50 mv)   re la t ive   to  the 

charge  plateau,  a portion of which is shown.  The  discharge  plateau  then 

drops  gradually  levell ing off at - 120 mv,  following  which it continues 

until   greater  than  the  corresponding  charge  input.   This  effect  is not 

evident in the   d i scharge   curves   for   the   smal le r   charge   inputs  (0.10 and 

1.0 coul /cm ), where   in   fac t  a sharp   b reak   occurs   wi th   the   d i scharge  

potent ia l   dropping  rapidly  to   negat ive  values   greater   than 0.5 volts  vs  the 

cadmium  re ference   e lec t rode .   The   charge-d ischarge   p lo t   for  this sys t em 

is shown  in  Figure 59,  where   the   l a rge   spread   for   the   d i scharge   capac i ty  

at the 5 coul /cm  charge  input ,   and  the  re la t ive  low  ut i l izat ion at 10. 0 

2 

2 

coul /cm  charge  input ,   are   evident .  
L 

It appears   that   in   this   system loss of charged   so l id   s ta te   mater ia l   caused  

by gross   effects   predominates   during  the  charging  process .   The  pro-  

longed  discharge, at potentials  sl ightly less than  that   for   the  sol id   s ta te  

d i scharge  is  most   l ike ly   caused  by dissolved  mater ia l .   The  appearance 

of the  prolonged  discharge  for   the  larger   charge  inputs   indicates   an 

increase  in  the  effective  concentration of dissolved  species   possibly 

resul t ing  f rom  dissolut ion of solid  material   which  builds  up  with  cycling. 
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18. Si lver   Fluoride  Electrode  in   Propylene . _  carbonate   -LiBF 
~ """" 4 

The  ini t ia l   d ischarge  for   this   system  corresponded  to  40% utilization of a 

20  coul /cm  chemoformed  f luoride  e lectrode,   The  regular   tes t ing  proce-  

dure  was  followed after this   ini t ia l   d ischarge.  

2 

2 
T e s t s  at 1 ma/cm  showed  prolonged  discharge  with  less   than 0.3 volt 

separat ing  charge  and  discharge  plateaus.   The  polar izat ion at 5 m a / c m  

was  init ially  greater  than 1 volt ,   but  decreases  with  cycling  and  increasing 

charge  input   to   less   than 0.4 volts  between  the  two  plateaus.  The  charge- 

discharge  curve  in   Figure 60 shows  an  average  uti l ization of 60%. For   the 

10  coul /cm  tes ts ,   where  the  polar izat ion  had  decreased  to  its lowest  value, 

a prolonged  discharge  resul ted.   Examinat ion of the  cell   revealed a fine 

dispers ion of a grey  metal l ic   par t ic le   and a spongy  l ike  material   on  the 

electrode  surface,  

2 

2 

Results  indicate  that   non-discharged  f luoride  material   init ially  blocks  the 

electrode  surface.   Cycling  gradually  activates  the  surface  and  f inally a 

prolonged  discharge  results  due  to  contributions  from  dissolved  charged 

s ta te   mater ia l .   This   system  indicates   good  e lectrochemical   act ivi ty   and 

is recommended  for   fur ther   character izat ion.  

19. Copper  Chloride  Electrode  in  Butyrolactone  -AlCl 
~3 

The  ini t ia l   d ischarge  for   this   system  exhibi ts  27% utilization of the 20  

coul/cm  chemoformed  product.   The  regular  testing  procedure  was 

followed after this  init ial   discharge.  

2 

2 
T e s t s  at 1 ma/cm  showed  prolonged  discharge  and 0.4 volt  polarization 
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2 
separa t ing  the charge  and  discharge  plateau. At 5 m a / c m  , the polar-  

i za t ion   i nc reased   f rom 0.7 t o  1.2 volts  with  increase  in  charge  input. 

The  charge-discharge  plot ,   shown  in  Figure 61 is l inear  indicating  only 

19% util ization  efficiency.  This  system is not   recommended.  

20.  Copper  Chloride  Electrode ~ in  Dimethylformamide-LiC1 ~~~ t LiClO 
4 

Init ial   discharge  equivalent  to  32%  uti l ization of chemoformed  chlor ide 

was  obtained at 5 rna /cm  for   th i s   sys tem.   The   regular   t es t ing   p rocedure  

followed after this in i t ia l   t es t   gave   resu l t s   s imi la r   to   those   for  the p reced-  

ing  system  (CuC1  /BL-A1C13).  The  polarization at 5 m a / c m   i n c r e a s e d  

with  cycling  from 0.5 to 0.9 volt  lowering  the  utilization  efficiency  to 

2570. The  charge-discharge  plot  is shown  in  Figure 62.. This   sys tem is 

not   recommended  for   fur ther   tes t ing.  

L 

2 
2 

2 1. Copper  Fluoride  Electrode  in  Propylene  carbonate  -LiClO 
4 

2 2 
The  ini t ia l   d ischarge at 5 ma /cm  amoun ted   t o  1870 of a 20  coul/cm 

capaci ty   chemoformed  chlor ide  e lectrode.   Regular   tes t ing  procedure 

followed  this  init ial   test .  

2 2 
Polar izat ions of 0 .6  volt at 1 m a / c m   a n d  0. 8 volt at 5 m a / c m   s e p a r -  

ated  the  charge  and  discharge  plateaus  for this system.  Prolonged  dis-  

charge  was  observed  only  for   the 0. 10 coul /cm  charge  input  at 1 m a / c m  , 
otherwise  the  charge-discharge  plots  are  l inear  for  both’low  and  high 

cur ren t   dens i t ies .   This  is shown  in   Figures  63 and  64.  Utilization  efficien- 

c i e s  of 12 and  36%  are   indicated at 1 and 5 ma/cm  respec t ive ly .   This  

s y s t e m  is not  recommended. 

2 2 

2 

22.  Zinc  Fluoride  Electrode  in  Dimethylformamide  -LiClO 4 

The  ini t ia l   d ischarge of the chemoformed  z inc  f luoride at 5 m a / c m   i n  
2 

152 

I 



h 

N 

E 
\ 
0 

W 

d 

10. 

8.  

6 .  

4. 

2 .  

0. 

Electrode - Sintered  CuCl 
Electrolyte - BL-A1C13 / 
Temp.  30° C / 
Current  Density: 5 ma /cm 

2 

2 / 
/' 

/ line  represents 100% utilization / 
/ . /  

/ 
/ 

/ 
/ 

/ 
/ 

/ 
1 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

0- 
/ 

/ 

/ 
/ 

/ 

/ 

0- 
/ 

/ 
1 

/ 

0 
0. 0 2.0 4.0  6.0  8.0 10.0 12.0 

CHARGE (coul/cm ) 

" - ~  ~~ 

2 

Figure 61. Coulombs  delivered as a function of coulombs  passed 

153 



12. 

10. 

8. - 
nl 

E 
\ 
d 

V 

3 
0 u 
v 

6 .  w 
c3 
d 
4 z 
0 
m 
!2 
H 4. 

2 .  

0. 

Electrode - Sintered  CuCl 
Electrolyte - DMF-LiC1 + LiC104 / 
Temp. 30" C 
Current  Density: 5 m a / c m  / 

Broken  l ine  represents 100%  utilization / 

2 /' 

2 / 
- / 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
L 

/ 
/ 

/ 
/ 

/ 
/ 
/ 

0.0 2 . 0  4.0 6. 0 8. 0 10. 0 12.0 

CHARGE (coul/cm ) 
2 

Figure 62. Coulombs  delivered as a function of coulombs  passed 

154 



12.0 

10.0 

z u 
R 
E? 4.0 

2 . 0  

0.0 

Electrode - Sintered  CuF 
Electrolyte - PC -LiC104 
Temp. 30" C 
Current  Density: 1 ma /cm / 

Broken  l ine  represents 100% utilization 

2 

2 / 
- / 

/ 
e = > 12070 

/ 
/ 

/ 
d 

/ 
/ 

/ 
J 

/ 
/ 

/ 
/ 

/ 
- / 

J 
/ 

/ 
/ - 

0.0 2: 0 4.0 6.0 8. 0 10.0 12 

CHARGE (coul/cm ) 
2 

Figure 6 3 .  Coulombs  delivered as a function of coulombs  passed 

. o  

155 



12. 0, . "___ _ _ i ~ ~  ~~ . ~ . ~ . .  ~ " ~ 

Electrode - Sintered CuF 
Electrolyte - PC-LiC104 / /' 
Temp. 30' C 
Current  Density: 5 m a / c m  / 

Broken  line  represents 10070 utilization /' 

2 
/ 

2 /' 

/ '  

10.0 - 
/ 

/ 
/ 

/ 
/ 

8 . 0  - / 
/ 

/ 
/ 

/ 
/ 

/ 
6 . 0  - / 

/ 
/ 

/ 

4.0 

/ 

2.0 - 

0.0 I . . - .. 

0. 0 2.0 4 .0  6.0 8 .0  10.0 12.0 

156 



this   e lectrolyte   amounted  to   42% of the init ial  15. 1 coul /cm of fluorination 

product .   Polar izat ion  on  discharge  was 0.6 volts  relative  to  the  ocv,  and 

the  cut-off  was  taken at 1 volt.  Regular  testing  procedure  was  followed 

after this init ial   discharge.  

2 

2 
The test at 1 ma/cm  showed  pro longed   d i scharge   wi th   l ess   than  0.2 volts 

polarization  between  charge  and  discharge  plateaus.   The  polarization  for 

the tests at 5 m a / c m   d e c r e a s e d  as the tests p rogres sed   t o   h ighe r   cha rge  

inputs.   The  voltage  separation  was  init ially  greater  than 1 volt  but  levelled 

off at 0 . 3  - 0.4  volt  indicating a surface  act ivat ion  process ,   perhaps the 

r emova l  of a surface  blocking  zinc  fluoride  film.  The  discharge  capacity 
2 2 

at 5 ma/cm  appeared   l imi ted   to   va lues   l ess   than  2 coul /cm as shown  in 

F igure  65.  The  utilization  efficiency at 10 coul /cm2  was 187'0. This   sys tem 

is not  recommended  for  further  study. 

2 

2 3 .  Zinc  Fluoride  Electrode  in  Dimethylformamide  -KPF 6 

Init ial   discharge of chemoformed  zinc  f luoride  in  this  electrolyte  was  nil .  

The  regular  testing  procedure,   followed  after  this  init ial   discharge,   gave 

resul ts   s imilar   to   those  for   the  z inc  f luoride  e lectrode  in   the  preceding 

system.  The  charge  -discharge  for   the 5 ma/cm  tes t s   p lo t  is shown  in 

Figure 66.  The  utilization  efficiency is  227'0. This   sys tem is not   recom- 

mended  for   fur ther   character izat ion.  

2 
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Figure 65. Coulombs  delivered as a .function of coulombs  passed 
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Figure 66. Coulombs  delivered as a function of coulombs  passed 
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The  purpose of the charge-d ischarge  tests on the twenty-four  recommended 

sys t ems   was   t o   ob ta in   an   o rde r  of suitabil i ty  whereby a minimum  number  of 

promis ing   sys tems  could   be   se lec ted   for   fur ther   s tudy   and   eventua l   deve lop-  

men t  of high  energy  densi ty   secondary  cel ls   for   bat tery  appl icat ion.  

The   cyc l ic   vo l tammetr ic   se lec t ion  of these systems  was  based  on  low  pola-  

r izat ion  between  charge  and  discharge  react ions  and  s ingle   high  current  

density  peaks.   This  singled  out  the  most  promising  systems  from  the  stand- 

point of e lectrochemical   act ivi ty   and  revers ibi l i ty .   The  charge  -discharge 

tes ts   on  the  s intered  e lectrodes  specif ical ly   character ized  the  charge  and 

d i scha rge   p rope r t i e s  of the  e lectrode.  

T h e   r e s u l t s  of the  galvanostat ic   charge-discharge tests a r e   s u m m a r i z e d   i n  

Table  31. T h e   s y s t e m s   a r e   l i s t e d   i n   o r d e r  of decreasing  ut i l izat ion ef f i  - 
ciency  obtained at 5 m a / c m  , since a minimal  contribution  due  to  dissolved 

m a t e r i a l  is  expected at th i s   cur ren t   dens i ty .  In addi t ion,   remarks  on  the 

visual   appearance of the  e lectrode after tes t ing,   wi th   regard t o  the  physical  

integri ty ,  are  included  to  augment the information  and  reveal   detr imental  

behavior  such a s  loss  of physical   integrity  on  cycling. 

2 

For   t he   s ake  of c la r i ty ,   F igure  67 i l lustrates   the  manner   in   which  the  charge-  

discharge  data   was  compiled.   The  t ime  intervals  C and D correspond  to   the 

charge  and  discharge  t ime,   with D measured  to   an  appropriate   cut-off   point  

n e a r  the b reak  of the  discharge  plateau.   The  polar izat ion  vol tage  separat ing 

the  charge  and  discharge  plateau,AV,  was  measured  f rom  the  difference  in  

the  medium  values  of the flat   portions of the  charge  and  discharge  plateaus 

as indicated -on the  curve.   The  charge  -discharge  plots   were  obtained  f rom 

the  coulombs  corresponding  to   the  t imes C and D for   each  charge  input .   The 

s lope  of the  best   s t ra ight   l ine   through  the  points   obtained  in  this manner   was  

used   to   ca lcu la te  the utilization  efficiency. 
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TABLE 3 1  

CHARGE-DISCHARGE  DATA FOR SINTERED  ELECTRODES 

70 Utilization  Efficiency  Polarization  Voltage 

System 1 ma/cm2 5 m a / c m  1 m a / c m  5 m a / c m  2 2 

CuC12/DMF-LiPF6  100  0.20  0.70  ml 

AgO/BL-LiC1 + MC13  82 87 0.30  0.50 i 

CuFZ/DMF-LiPF6 P 72 0.30 0.40 i 

Zn/DMF-KPF (. 75 m) P 69 0.06 0.30 i 

AgF2/PC-LiBF4 P 60:k ,  p*::: 0.20  0.70 m l  

Zn/DMF-LiPF6 P 5 6* 0.10  0.30 i 

6 

Cd/BL-KPF6 P 54* 0.05 0.10 i 

Cd/DMF-LiC104 P 53 0.05 0.20 i 

Zn  DMF-KPF6  (2 .0   m)  P 47 0.15 0.60 i 

Cd/DMF-KPF6 
P 46*, P** 0.05 0.20 i 

Cu/DMF-LiPF6 P 42 0.03 0.10 d 

CuF2  /PC  -LiC104 17 36 0.60 0.80 i 

CuCl  /DMF-LiC1 + LiC104 P 25 0.40 0.60 i 

ZnF2/DMF-KPF6 P 22  0.10  0.50 i 
2 

CuC12/BL-AlC13 P 19 0.40 0.90 d 

ZnF  /DMF-LiC104 

Zn/BL-KPF6 P 12*,  77** 0.20 0.40 i 

Zn/PC-KPF6 P 12  0.30  0.70 i 

CuF2 / P C  -Lip F6 75 5 0.50 1.20 m l  

Zn/AN-LiC104 P 7 x: 0. 07  0.20 m l  

Zn/DMF-LiC104 P 4* 0.05. 0.30 i 

Cd/DMF-LiBF4 P 4* 0.06 0.07 i 

CuC12/AN-LiPF6 P P 0.30  0.50 d 

CuC12 /PC -LiC104  90  nil 0.60 >2.00 i 

Cu/AN-LiPF6 + KPF6  P P 0.10 0. 12  d 

2 
P 18** 0.10 0.60 m l  

P >120’3’0 due  to   contr ibut ion  f rom  dissolved  mater ia l  
::< Calculated  f rom  best   s t ra ight   l ine   through all points 

up  to 5 coul/cm2  charge  input 
x< ::< Calculated  for  10 coul/cm2  charge  input i , intact  

AN Acetonitri le DMF  Dimethylformamide m l   m o d e r a t e  loss 
BL  Butyrolactone PC  Propylene  carbonate  d disintegrated 
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Figure 67. Representative  charge  and  discharge  curve 



From  the  data  shown  in  Table  31,   the  following  seven  systems  were  re- 

commended  for  further  characterization  and  cell   development:  

Ago  in   butyrolactone - LiCl t A1C13 

AgF  in   propylene  carbonate  - LiBF4  

CuCl  in  propylene  carbonate - LiC104 

CuF  in   d imethyl formamide  - LiPF6 

CuF  in   propylene  carbonate  - LiPF 

Zn  in   dimethylformamide - K P F 6  

Cd  in  dimethylformamide - i i C l 0  

2 

2 

2 

2 6 

4 

Although  galvanostatic  charge  -discharge  measurements  were  not  carried 

out on the following  systems,  based  on the cycl ic   vol tammetr ic   data ,   they 

are offered  here  as second  choice  candidates: 

CuCl  /BL-MgC12 2 Zn /PC-Ca(PF6)2  

2 In/PC-Mg(C104)2 

CuF2/PC  -LiC1 t A1C13 Cd/DMF-Mg(C104)2 

CuF  /AN-LiBF4 

CuO/PC-LiC104  In/PC -MgC12 



L. Chronopotentiometry of Some  Recommended  Systems 

Chronopotent iometr ic   measurements   were  made  on  some of the  positive 

sys tems  se lec ted   for   fur ther   e lec t rochemica l   charac te r iza t ion .   The   pur -  

pose of these   measurements   was   to   a t tempt   to   charac te r ize   the   anodic  

(charge)  reaction  product.   Reverse  chronopotentiometry  was  used to 

charac te r ize  the location of react ion  product   with  respect   to   the  e lectrode;  

i. e. whether  the  reaction  product  was  deposited on the electrode as an  in- 

soluble  product  or  whether  the  product  dissolved  in the solution. 

The  Sand  equation  may be writ ten  in  the  form: 

where  i is the  constant  current  density,  7 is the  transit ion  t ime, n is the 

number  of Fa radays   pe r   mo le  of react ing  (diffusing)   species ,  C is the  con- 

centrat ion  in  the bulk  solution, F is the  Faraday, D is the diffusion  co- 

efficient of the  diffusing  species  and K is a constant. If no  supporting  elec- 

t rolyte  is present ,  D may  be  replaced by an  "effective"  diffusion  coefficient 

calculated  f rom  the  t ransference  number of the  diffusing  species  and  the 

equivalent  conductance of the  electrolyte salt (Ref. 16) .  By  calculation of 

an  effective D value,   excellent  agreement  between  theory  and  experiment 

has been  obtained  (Ref. 16). 

W e  are  concerned  with  anodic  charge,   in  which a meta l   a tom is oxidized 

and   fo rms  a reaction  product  with  one  or  more  ions  diffusisg to  the  e lec-  

t rode .  An  insoluble  f i lm  may  form  on ,the electrode  surface.   The  appl i -  

cability of the Sand  equat ion,   under   these  c i rcumstances,   was  demonstrated 

by  Delahay et a1 (Ref.  17 ) by  means of the  constancy of i T  for  the  ano- 

dization of s i lver   e lec t rodes   in  5 mM  KBr  aqueous  solutions  (no  supporting 

1 I2 
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electrolyte) .   The  insoluble   AgBr  f i lm  formed  on  the  e lectrode  did  not  

affect  the  value of the diffusion  coefficient.  In  more  concentrated  solutions 

the  thickness of the  f i lm  may  however  be  large  enough  to  have  an  effect  

on  the  diffusion of the  react ing  species .  

The  value of n can  be  useful  in  characterizing  the  reaction  product  result ing 

from  oxidation of the  metal   e lectrode.   As  s ta ted  above,  n is the  number of 

Fa radays   pe r   mo le  of reacting  species  diffusing  to  the  electrode.  For 

example ,  i f  the  reaction 

Cd t 2 PF6” Cd(PF6)2  + 2e- 

takes   place at the  electrode,  then 2 Faradays   a re   involved   per  2 moles  of 

PF6 , so that n = 1. This   assumes   tha t  all oxidized  cadmium  ends  up  as 

Cd(PF6)Z .  I f ,  however,   the  complex  ion 

- 

- 
Cd t 4 PF6 + C d ( P F 6 ) 4  t 2e-  

- - 

should  form,  then n would  equal 1 / 2 .  The  assumption is made  that  the 

react ion  takes   place  a t   the   e lectrode  surface  ra ther   than  e lsewhere  in   the 

diffusion  layer.  

Other  conceivable  reactions  might  be: 

a. Cd t PF6”J  C d ( P F 6 )  -t 2e- 
+ 

In this   case n = 2. 
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b. 
- 6~ -2 Y - 1  

6 - Y  6 -Y 
C d  t xPFb "3 CdF2 t - PF t 2e 

- 

where x is a small   in teger ,   6x-216-y is an  integer  

and n = - . This  equation is usable  only  with y = 1 

o r   2 ,   fo r   wh ich  x = 2 o r  1 respect ively.  

2 
X 

For   example ,  a poss ib le   reac t ion   might   resu l t   in  PF 

as a product .   In   this   case y = 1 and x = 2 ,  s o  that  

the  reaction is 

5 

Cd + 2PF6-+ C d F  + 2PF5 + 2e- 
2 

with n equal  to 1. 

Th i s  last example   i l lus t ra tes   tha t  a given  value  for n could  indicate  more 

than  one  reaction  product,  so  that  additional  analysis  would  have  to be made  

to  pinpoint a probable   react ion  product .  

If t h e   C d F   o r   C d ( P F  ) postulated  above are soluble   and  undissociated,   then 

the   ra t io  of the   reverse   (ca thodic)   t rans i t ion   t ime  to   the   anodic   t rans i t ion  
2 6 2  

t ime  would  approach 1 / 3 .  For   an   inso luble   p roduct   on   the   e lec t rode   sur -  

face  the  ratio  would  approach  unity.  

The   above   d i scuss ion   assumes  (a) only a' s ingle   half-cel l   e lectrode  react ion 

occurs  (b)  data  can  be  obtained s o  that  the  "effective"  diffusion  coefficient 

can  be  calculated  (c)   solut ions  are   di lute   enough s o  that   f i lm  thickness  can 

be  minimized  (d)   the  react ions  occur  at t he   e l ec t rode   su r f ace   and   a r e   r ap id  

enough  to  be  diffusion  controlled  (e)  the  equilibrium  constant  for  the  ionic 

dissociat ion of the  reaction  product  heavily  favors  the  undissociated  species,  
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and ( f )  the   t ransference  number of any  ionized  reaction  product is sma l l  

enough so as not   to   a l ter   the   t ransference  number of the  reacting  species.  

These  above  res t r ic t ions  may  seem  severe  enough  to   l imit   the   usefulness  

of chronopotentiometry,  but it is likely (as indicated by the  cyclic  volt- 

a m m e t r i c   d a t a )  that a single  reaction  forming  an  unionized  product  may 

occur  under  certain  conditions.   In  such  cases  the  technique  may  be  useful 

in  gaining  further  insight  into  the  characterization of the  positive  electrode 

react ion  species   on  charge  and  discharge.  

Transference  numbers   were  not   obtained  for   the  systems of in te res t ,  so  that 

values of n could  not be obtained,   s ince  small   var ia t ions  in   t ransference 

number  have a large  effect  on  the  effective  diffusion  coefficient.  Initial 

chronopotentiometric  data  was  obtained,  however,   in  order  to  test   the 
1 / 2  constancy of K = i 7 /nC  and  to  obtain  the  ratio 7 / 7  , i. e .   the   reverse  

c a  
cathodic  transit ion  t ime  to  the  anodic  transit ion  t ime. 

Resul t s   a re   p resented  in Tables  32 to  37.   Smooth  surface  sheet  metal   elec- 

t rodes  (as   descr ibed  in   the  Experimental   Sect ion)   were  used  in   a l l   cases ,  

except  for  the  experiment  reported  in  Table  35  for  which a porous  s intered 

electrode  was  used.  Linear  diffusion w a s  obtained  in  the  cell,   and  transition 

t imes  were  short   enough s o  that  convection  should  not  have  caused  any  major 

dis turbances.   The  anodic   t ransi t ion  t imes  for   the  smooth  surface  sheet  

e lectrodes  were  reproducible   to   bet ter   than f 10%. For  the  porous Zn e l ec -  

t rodes,   the   t ransi t ion  t imes  were  reproducible   to   bet ter   than f 37'0. A 

sample  chronopotent iometr ic   and  reverse   chronopotent iometr ic   curve is 

sh0w.n in  Figure  68. 

Since  the  measurements   were of a prel iminary  nature ,   only a few  observa- 

t ions  will  be made.  Tables  32,  33,  and  36  show a constancy  for i7 C . 1 / 2  -1 * 

* Except  for  the  low  value  at   the  highest   c.   d.   (Table  36).  
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TABLE 32 

i 

m a   c m  -2 

15 

20 

25 

40 

50 

70 

i 

m a  c m  
-2 

15 

20  

25 

40 

50 

CHRONOPOTENTIOMETRIC DATA 

FOR Zn/BL-KPF6  (0.80  M) 

7 iT 1/2c-1 Tc/ Ta 
-2 1/2" 1 

sec m a  c m  sec 

99 .4  

41. 4 

30. 7 

15. 3 

9 . 9  

5 . 4  

188 

160 

172 

188 

197 

2 08 

TABLE 3 3  

CHRONOPOTENTIOMETRIC DATA 

FOR Zn/BL-KPF  (0.40  M) 
6 

0.33 

0.47 

0.55 

0. 62 

0.74 

0.74 

7 ~~ i.7 1/2c- 1 

sec -2 '1/2"1 
m a   c m  sec 

39.4 

31.9 

15. 5 

5 . 7  

3 . 3  

233 

2 80 

247 

229 

228 

169 
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The  remaining  tables   show  an  increase of i T  wi th   cur ren t .  
1/2c-1 

The  thickness  of a film (caused  by  deposit ion of an  insoluble  product) is pro-  

portional  to iT, which  wil l   decrease  with  increasing  current  as long as a dif- 

fus ion   process  is the  controll ing  factor.   The  slow rate of diffusion  through 

the  f i lm is proportional  to  the film thickness  and i T  wi l l   re f lec t   th i s  

change  in  diffusion rate. In  Table 3 7 ,  the   indicated  increase of i T  

wi th   current  is probably  due  to a fi lm  since  the  high  values of 7 / T  indicate 

the   p resence  of a f i lm .  

1 /2c-1  . 

1 / 2 c - 1  

c a  

In  Tables 3 4  and 3 5 ,  the   increase of i T  wi th   current  is probably  due 
1 /2c-1  

to   an   i nc rease  of  n with  current .   Table  3 5  data  show  an  increase  with 

c u r r e n t  of T / T  suggesting a changeover  from a soluble  product  to  an  in- 

soluble  one,   Though  this  may  suggest film formation,  it is doubtful  that a 

thick  f i lm  wil l   form  for  a porous  e lectrode,   which  has  a l a r g e   s u r f a c e   a r e a ,  

when a thick  f i lm  does  not  form  for  exactly  the  same  system at a smooth 

sheet   e lectrode  (Table  32) .  Also ,  the   increase  of i T  wl th   current  i n  

Table  3 4  is  probably  due  to a change  in n s ince  increasing i T  was  

not   observed  in   the  same  system at higher  concentrations of e lectrolyte  salt 

( see   Tab le s  32 and 3 3 ) .  Thick  f i lm  formation is  enhanced at high  concentra- 

t ion  rather  than  low. 

c a  

1 /2c-1  . 

1/2c-1 

Final ly ,   f rom  Tables  3 2 ,   3 3 ,  and 3 4  i t  is noted  that   iT1l2C-l   increases   with 

a decrease   in   e lec t ro ly te  salt concentration,  whereas  equation  (1)  predicts 

it  should  remain  constant.   The  indication is that n is increasing as the  con- 

cent ra t ion   decreases .   This   means   tha t   an   ac tua l   change   in   reac t ion   occurs .  

I t  has been  pointed  out  above  that   for  the  Zn  system  reported  in  Tables 3 2 - 3 4  

t h e r e  is no  thick film formation  and  therefore  the resul ts   cannot  be  explained 

on the bas is  of a changing film thickness .   Support   for   the  idea of a change 

in  reaction  with  concentration  of  electrolyte salt is also  obtained  from  the 
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TABLE  34 

i 

ma cm 
-2 

10 

15 

20 

25 

40 

CHRONOPOTENTIOMETRIC  DATA 

FOR  Zn/BL-KPF6  (0 .20  M) 

r 

s e c  

39.0 

2 0 . 4  

9 . 3  

1 1 . 5  

7 . 5  

i 7  1/2c-1 - .  - 

ma cm sec 
-2 1/2" 1 

TABLE  35 

CHRONOPOTENTIOMETRIC  DATA 

FOR Zn/BL-KPF6  (0 .80  M)* 

3  12 

341 

32 0 

42 5 

52 5 

i 7 

s e c  ma  cm 
-2 

15 

20 

25 

40 

50 

70 

151. 0 

103. 0 

72.2 

36 .6  

24 .4  

14.8 

i 7  
1/2c-  1 7 7  

c /  a 

ma  cm  sec  
-2 1/2"1 

232 

258 

266 

290 

323 

344 

0. 38 

0.47 

0.54 

0. 64 

0 .  65 

0. 67 

* Porous  e lectrodes  were  employed  in  this set of measurements .  
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TABLE 36 

i 

m a   c m  
-2 

25  

30 

40 

50 

i 

m a   c m  
-2 

10. 0 

15. 0 

25. 0 

40. 0 

50. 0 

70. 0 

CHRONOPOTENTIOMETRIC  DATA 

FOR Cd/BL-KPF6   (0 .80  M) 

7' 
7 7  

i P  c /  a - 
see m a   c m   s e c  

-2  lI2"l 

58. 3 

37. 1 

21 .3  

9 .  0 

TABLE  37 

CHRONOPOTENTIOMETRIC 

FOR  Cu/PC-LiC1 t A1C13 ( 0  

T 

s e c  

144.0 

93.2 

49 .6  

23 .8  

20. 1 

10.3 

239 

2 44 

23 1 

188 

DATA 

80  M)* 

0.  26 

0 .24  

0.36 

0 .46  

7 7  
c /  a 

-2 1/2"1 
m a   c m   s e c  

158 

181 

2 14 

23 1 

2 55 

281 

0.83 

0. 74 

0.93 

0 .79  

0 .  65 

0. 90 

* Concentrat ion  with  respect   to   each  sal t .  
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ea r l i e r   d i scuss ion  of concentration  effects  on  cyclic  voltammetric  sweep 

curves .  A final  possibil i ty is that due  to  the  change of t ransference   number  

and  equivalent  conductance  with  concentration, the value of K in  equation (1) 

is changing.  The  final  understanding of this effect   must  await  the gathering 

of additional  data. 
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ELI. EXPERIMENTAL 

A. Material   Purif icat ion  and  Character izat ion 

Of c r i t i ca l   impor tance   to   the   e lec t rochemica l   charac te r iza t ion  of nonaqueous 

e lec t rode-e lec t ro ly te   sys tems is the   p r ior   chemica l   charac te r iza t ion  of all 

mater ia l s   compr is ing   these   sys tems  or   used   to   p repare   them.   The   molecular  

complexity  of  the  organic-inorganic  solutions  alone  demands  that  wherever 

possible,   within  the  l imits of practicabili ty,   extraneous  impurit ies be re-  

moved,   and  whatever   remains at least be  known  and  characterized.  The  most 

obvious  impuri ty   in   nonaqueous  systems is water .   For   th i s   reason ,   p repara-  

t ion  and  s torage of all so lu t ions   was   per formed  in  a dual  chamber  gloved  dry 

box  under  a ni t rogen  a tmosphere.   The box was  maintained at 30 f 1" C by a 

recirculating  gas  heating  system.  All   conductance  and  electrochemical 

measurements   (wi th  the exception of PF and B F  sys t ems)   were   pe r fo rmed  

in  the d r y  box,  with  lead  connections  to  the  instruments  on  the  outside  via 

sealed  couplings.  In a number  of cases,   known  amounts of water   were  de-  

l iberately  added  to   determine  the  effect   on  the  vol tammograms.  

I 

5 3 

Wherever   possible ,   mater ia ls   were  analyzed  by an outside  testing  laboratory.  

In   some  cases ,   however ,  it was  not   possible   to   character ize   the  mater ia l ,  

This   was   par t icu lar ly   t rue   for   the   complex   f luor ide   mater ia l s   (hexaf luoro-  

phosphates   and  te t raf luoroborates)   prepared  in-s i tu   in  the solvent.  Also, 

character izat ion by X-ray  diffraction of the  f luorinated  metal   wire   e lectrodes 

proved  to  be  experimentally  difficult .   Recognition of the  l imitations  in  chem- 

ical character izat ion is a necess i ty   to   p roper   in te rpre ta t ion  of the  electro- 

chemical   data .   The  minimum  requirements  are reproducibil i ty of r e su l t s ,  

un less  the complexity of the  e lectrochemical   react ion  prohibi ts  it within  the 

scope of the measurement   t echnique ,   and   assurance  that the  resul ts  are not 

due  to   some  ar t i fact .   Wherever   pract ical ly   possible   in  the screening of m o r e  

than a thousand  systems these requirements   have  been  met .  
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1. Solvent   Purif icat ion  and  Character izat ion 

The  solvents   employed  were  dimethylformamide,   butyrolactone,   propylene 

carbonate,   and  acetonitri le.  Wi th  the exception of dimethylformamide, 

purification of each  of these   mater ia l s   was   accompl ished  by vacuum  disti l-  

lat ion.   Solvents  were  dist i l led at the   ind ica ted   t empera ture   and   pressure  

in   the  same  apparatus .   Usual ly   1500  ml   port ions  were  dis t i l led,   wi th   about  

100 ml  compris ing  the  main  cut ,   the   remainder   being  divided  between the 

head  f ract ion  and  pot   res idue.   The  dis t i l la t ion  apparatus   consis ted of 1 inch 

by  3 feet   vacuum  jacketed  (and  s i lvered)   column  packed  with  3/8"   beryl  

saddles,   and  equipped  with a total   ref lux  re turn  head.   The  head  was  con-  

nected to a revolving  type  mult iple   dis t i l la t ion  receiver   through a stopcock 

which  was  used  to  adjust  the take-off rate. Connect ion  was  a lso  made  to  the 

usual  vacuum  manifold  consisting of rough  and  f ine  manometers  connected 

in   s e r i e s   w i th  a Car tes ian   manos ta t ,   d ry   i ce   t rap   and   vacuum  pump.   Af te r  

dis t i l la t ion  s tar tup  and  removal  of low  boiling  impurit ies,   the  column  was 

purposely  f looded  to   insure   proper   wet t ing.  It was  then  allowed  to  equilibrate 

over  a 1-2 hour   per iod  and  f ract ionat ion  commenced.   The  main  f ract ions 

were  usual ly   taken  over  a 48-hour  period at a re f lux   ra t io  of 20-25/1.  Use 

of h igher   re f lux   ra t ios   d id   no t   improve  the f rac t iona t ion   charac te r i s t ics .  

Although  initially a single  dist i l lat ion  had  sufficed  for  the  purification of p r o -  

pylene  carbonate,  this method  did  not  suffice  for  the  purification of later 

quantities.  It  was  found that water   apparent ly   reached  a constant   level   in  all 

f ract ions  obtained  in   the  dis t i l la t ion.   Since it was  known that the disti l lat ion 

procedure  was  capable of removing  water   or iginal ly   present ,  it was suspected 

that an   impur i ty   was   p resent   in  the propylene  carbonate  which  slowly  decom- 

posed  under  the  distillation  conditions,  yielding  water as one of the products .  

Therefore,   following  the first disti l lat ion,   the  main  cuts of propylene  car-  

bonate   were  dr ied  over   calcium  sulfate ,   f i l tered,   and  careful ly   redis t i l led.  

This   procedure  afforded  propylene  carbonate  of reproducible   puri ty .  
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Analysis of the solvents   was  usual ly   carr ied  out  by vapor   phase  chromato-  

graphy  (VPC).  An aerograph  A-90-P  vapor   phase  chromatograph  equipped 

with a hot   wire   detector   was  used  for  the analysis   under  the conditions  shown 

in  Tabie  38. 

TABLE 3 8  VAPOR PHASE CHROMATOGRAPHY  CONDITIONS 

Column Injector  Detector  Helium 

" C  " C  " C  m l / m i n  
Solvent   Temp.   Temp.   Temp.   F low  Rate  

Propylene  carbonate  190  240 2 60 85 

Dimethylformamide  160  238 2 60 40 

Butyrolactone  17 1 235 2 50 120 

All  analyses  were  obtained  on a 1 /4  inch  by 6 fee t  s .  s. column  packed  with 

20%  PEG  1540  on  HMDS-treated  60/80  mesh  chromosorb P. Use of a column 

packed  with  GE  SF-96  si l icone  oil  o n  60/80  mesh  f i rebr ick  afforded  l i t t le   or  

no  resolution  for  the  compounds  investigated.  Usually 3-.4 p 1 samples   were  

used  in   the  order   to   reveal   t race  impuri t ies   without   overloading  the  column.  

Stable  baselines  were  obtained at maximum  instrument   sensi t ivi ty .  

a. Butyrolactone  (MCB*,  b.  p.  91-93"  C/17  mm) 

This   mater ia l   showed  water  ( - 0. 1 mole 70) as the  only  impurity  by  VPC 

analysis   on a polyethylene  glycol  (PEG)  1540  column.  The  butyrolactone 

* MCB - Matheson,  Coleman,  and  Bell. 
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was  fractionally  dist i l led  through a 3 -foot  column at 91 -93" / 17   mm.  

Four  cuts  were  taken, the first two  comprising  about  10% of the  total  

volume.   VPC's  of the latter two  fractions  showed  no  impurit ies.   VPC 

of  the first fraction,  however,   showed  two  additional  impurit ies  close  to 

the  main  peak.   These  impuri t ies   were  a lso  present   in   the  second  f ract ion 

t o  a lesser extent.  Since it was  evident  these  impurit ies  were  readily 

concentrated  in  the  head  cuts,  a somewhat   larger   head  f ract ion  (300-400 mi)  

was  usually  taken  to  insure  their   removal  from  the  main  fraction of d i s -  

tilled  butyrolactone.  VPC  analysis  following  distillation  showed less than 

100  ppm water .   Butyrolactone  (main  f ract ion)   s tored  in   glass   bot t les  

showed  no  change  after  two  weeks. 

b.   Dimethylformamide - (MCB,  Spectroquality  grade) 

This   mater ia l   was  subjected  to  V P C  analysis  on a PEG 1540  column. No 

impurit ies  were  detected  under  conditions  where as little as 0.  01  mole 70 
water  would  have  been  evident.  Distillation of dimethylformamide at 

80" C/40  mm  yielded  mater ia l   showing  no  impuri t ies  of any of the  fractions 

by V P C  analysis .   I t   therefore   appeared  unnecessary  to   dis t i l l   d imethyl-  

formamide,  and  subsequent  solution  preparation w a s  accomplished  using 

"as received"  mater ia l .  

C .  Acetonitrile  (MCB,  chromatoquality) 

This  material was  dis t i l led at 80" C through a 3-foot  column.  VPC  analysis 

of this specific  lot  by  Matheson,  Coleman  and  Bell  on 3, 3 '  - iminodipropioni- 

trile column  showed  acrylonitrile (0. 15%) as the  only  impurity.  Resolution 

of t r ace   amoun t s  of water   in   acetoni t r i le   was  not   possible   on a PEG  column, 
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s i n c e  the large acetoni t r i le   peak  obscured  possible  small quantit ies of 

water .   Resolut ion of water   was   a t tempted   on  a tris.cyanoethoxy-propane 

column as well  as on a diethyleneglycol stearate column.  Neither of these 

subs t ra tes   were   successfu l ,   requi r ing   tha t   ana lys i s  of water   be  made  by 

the Karl   Fischer   method.   Dist i l led  under  the above  conditions,  the  aceton- 

itrile contained 60-80 ppm  water .  

d .   Propylene  Carbonate  (MCB, b.  p.  108-110" /10  m m )  

This   was  subjected  to   VPC  analysis   on a P E G  1540  column.  The  material  

showed  five  peaks  in  addition  to  the air peak ,   The  f irst  peak  pro-  

bably  contained  both air and  carbon  dioxide,   but  resolution of these  compo- 

nents  under  the  conditions  employed  was  not  possible.  The  second  peak 

(probably  propylene  oxide)   was  0 .22  to   0 .25  mole 70. The  third  peak,   iden - 

tified as water  by peak  enhancement  techniques,   was  0.02  to 0 .  0 3  mole 70. 
A fourth  peak of t h e   s a m e   a r e a  as the  third  was  unidentified.  

The  fifth  peak,  tentatively  identified as propanediol  by  boiling  point  con- 

s iderat ions,   usual ly   comprised 0 .  16 to   0 .25   mole  70. The  s ixth  peak  cor-  

responded  to  propylene  carbonate.   The  indicated  variation  was  between 

var ious  lots  of "as received"  propylene  carbonate.   Disti l lat ion of propylene 

carbonate at 109' / 10 mm.  followed by VPC  analysis  indicated that the   im-  

puri t ies   corresponding  to   the  fourth  and  f i f th   peaks  were  removed.   The 

amount of propylene  oxide  was  redllced  to 0. 01  - 0. 02 mole 70, while  the 

amount  of water   was  0 .  0 15 - 0 .  025  mole 70. The  variations  in  the  amount of 

these  impurit ies  did  not  occur  between  samples  obtained in a single  batch 

disti l lat ion  (neglecting  the  head  cuts  which  were  discarded)  but  were  obtained 

between  the  main  cuts of separa te   d i s t i l l a t ions .   Al te ra t ion  of such   fac tors  

as reflux  ratio  (100: 1 to  25: 1) produced no  change  (within  analytical  limits) 

in  the  amounts of propylene  oxide o r  water .   Some  unobserved  var ia t ion  in  

distillation  technique  may  have  produced a small change  in  the  amounts of 

res idual   impuri t ies .   Propylene  carbonate   dis t i l led  in   this   manner   contained 

90 - 150  (low  and  high)  ppm  water. 
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2.  Solute  Purification  and  Characterization 

In  the  initial  portion of t he   p rog ram,   mos t  of the  reagent  grade  solutes  chosen 

for   screening  were  fur ther   purif ied  only by  vacuum  drying.  Analysis of these  

mater ia l s   (Table  3 9 )  indicated that they  were  reasonably  pure  and that ex-  

pected  impurit ies  would  not  markedly  affect   the  interpretation of the  cyclic 

vol tammograms.   Any salts o r   m i x t u r e s  of salts used  in  the  program  and  not 

specified  in  this  section  were  prepared  in-situ as described  in  Section 3 

(Solution  Pr'eparation).  After  drying of the salts descr ibed  in   this   sect ion,  

dry  nitrogen  was  the  only  atmosphere  brought  in  contact  with  them. 

a.  
_I Lithium  chloride (J. T. Baker ,   reagent   grade)   was 

in i t ia l ly   d r ied   a t  110" C for  3 hours,   and  was  then  analyzed  for  l i thium  and 

chloride  content.  Analysis by flame  photometry  yielded  16. 470 lithium,  and 

ana lys i s  by Volhard's  method  gave  82.  8%  chloride  for a total  of 99.2'7'0 LiCl 

in  the  Sample.  The  LiCl was  then  dried  in a f lask  a t  25" C for 24 hours  by 

evacuating  to a p r e s s u r e  of 2 to r r   th rough a dry   i ce-ace tone   t rap . ,   Af te r  

24  hours   the   t empera ture  of the  evacuated  f lask  was  gradually  raised  over 

a 48 hour  period  to  promote  the  removal of the  remaining  water.   Possible 

hydrolysis  under  the  drying  conditions  would  leave a small   amount  of lithium 

oxide  in  the  material.  It  was  felt  that  the  lithium  oxide,  because of i ts   in-  

solubility,  would  not  affect  the  electrochemical  reaction  (except  to  act  as a 

par t ia l   water   scavenger   for   the   so lvents ) ,  

Resul ts  of spectrographic   analysis  of the  l i thium  chloride  for  trace  consti t-  

uents   are   reported  in   Table  39. 

b. Lithium  fluoride (J. T .  Baker ,   reagent   grade)   was - 
in i t ia l ly   d r ied   a t  110" C fo r  3 hours,   and  was  then  analyzed  for  l i thium  and 

chloride  content.  Analysis by flame  photometry  yielded 26. 7%  lithium,  and 

determination of f luoride as lead  chlorofluoride  gave  73.2470  fluoride  for a 
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SPECTROGRAPHIC  ANALYSIS   OF   METAL SALTS::<  (In p e r   c e n t )  
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L o s   A n g e l e s ,   C a l i f .  ). L i m i t s  of d e t e c t o r  of s o d i u m   a n d   p o t a s s i u m  
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total  of 99.9  + 70 LiF in the sample .   The  LiF was  then  dried at 110" C for  

74 hours   and  thereaf ter   kept   under  a dry,   iner t   a tmosphere.   Ti t ra t ion  with 

Karl   Fi 'scher  reagent  indicated a water  content of 120 ppm.  At  110" C there  

is some  possibi l i ty  of hydrolysis  (by  trace  moisture)  to  l i thium  hydroxide 

and  hydrogen  f luoride.   The  hydroxide  was  not  expected  to  interfere  with 

the  measurements .   Since  the  l i thium  f luoride  -hydrogen  f luoride  complex 

is unstable   even  a t   room  temperature ,   contaminat ion  due  to   hydrogen  f luoride 

is not  expected. 

Resul ts  of spectrographic   analysis  of the  l i thium  fluoride  for  trace  consti t-  

uents   are   reported  in   Table  3 9 .  

C .  Magnesium  fluoride  (Research  Inorganic  Chemical G o . ,  

powder ,  9970 puri ty)   was  ini t ia l ly   dr ied at 1 40" C for  3 hours,   and  was  then 

analyzed  for  magnesium  and  f luoride  content.   Magnesium,  determined as a 

pyrophosphate,   was  present  to  the  extent of 3 5 . 2 % .  Determinat ion of fluoride 

as lead  chlorofluoride  gave 55 .   370  f luoride  for  a total  of 90. 5% magnesium 

fluoride  in  the  sample.   This  low  percentage  is   hard  to  reconcile  for  three 

reasons:   the   advert ised  puri ty  of the  MgF is 9970, the  salt  is not  particu- 

larly  hygroscopic,   and  the  ratio of 3 5 . 2 7 0  Mg to 55 .3% F is  the  expected 

ra t io  of atomic  weights  for  pure  MgF We will  assume  that  the  purity of 

the  MgF2  was 9970. The   pr imary   impur i ty   expec ted  was  magnesium  oxide 

( <  1%)  which is essentially  insoluble  in  organic  solvents.   Since  hydrogen 

f luoride  (possibly  formed  by  hydrolysis)   does   not   form a complex  with  mag- 

nesium  fluoride,   acidic  contamination  should  not  have  been a factor .   The 

MgF  was  then  dr ied  a t  110" C for  72 hours   and  thereaf ter   kept   under  a dry ,  

i ne r t   a tmosphe re .  

2 

2 

2 '  

2 

Resul ts  of spectrographic   analysis  of the  magnesium  f luoride  for   t race  const i t -  

uents   a re   repor ted   in   Table  3 9 .  
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d.  Lithium  fluoride - magnesium  f luoride  mixture   was 

p repa red   f rom  an   equ imola r   mix tu re  of the  dr ied salts by dry  mixing.  

e .   Magnesium  chlor ide  (Research  Inorganic   Chemical  C o . ,  

grade:  98 t 7') was  ini t ia l ly   dr ied  a t  110"  C for  3 hours,   and  was  then  ana- 

lyzed  for   magnesium  and  chlor ide  content .   Magnesium  determined as a pyro-  

phosphate  was  present  to  the  extent of 24.  3170,  and  analysis by Volhard 's  

method  gave  68.6970  chloride  for a total  of 93.00%.  Since  MgCl is hygro-  

scopic,  the 770 impurity is expected  to  be  mainly  water.  A maximum of 2% 

MgO is   the  only  other   major   impuri ty   l is ted  in   the  analysis   reported by  the 

supplier.   The  ratio of 24. 3170  Mg to  68. 6970 C12 indicates  that  about 1. 370 
MgO is present  in  the  sample.  MgO is essentially  insoluble  in  organic  sol-  

vents,   and  i t  is expected  that  the  MgO wi l l  not  have  any  appreciable  effect 

upon  the  electrochemistry.  

2 

The  MgCl  was  then  vacuum  dried  in a f lask at 25" C for 24  hours at 1 t o r r ,  

the  dry  ice-acetone  trap  being  checked  and  cleaned  after  eight  hours.   After 

24  hours no H 0 was  observed  in   the  t rap  and  the  temperature   was  then 

raised  to  80" C .  After 72 hours   the   sa l t   was   removed  and   pu lver ized   in  a 

d ry  box.  The  salt  was  then  maintained at 80" C and 1 t o r r   f o r  48 additional 

hours .  At  the  end of this  t ime,  no H 0 was  observed  in  the  trap.   Some 2 
MgC1 was  fur ther   dr ied  a t  125" C and 2 t o r r .  A tempera ture  of 125" C was 

chosen,  since  i t   was  stated  in  the  l i terature  that   complete  dehydration  would 

occur  under  these  conditions,  and  hydrolysis  would  be  kept  at a minimum. 

2 

2 

2 

Resul ts  of spectrographic   analysis  of the  magnesium  chlor ide  for   t race 

const i tuents   are   reported  in   Table   39.  

f .  Magnesium  chloride - l i thium  chloride  mixture  was 

prepared  f rom  equimolar   quant i t ies  of dr ied  salts by dry  mixing. 
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g .  Lithium  perchlorate   (Research  Inorganic   Chemical  G o . ,  

grade:   anhydrous,  99% purity)  was  init ially  dried at 110" C for  3 hours ,   and 

was  then  analyzed  for  l i thium  and  perchlorate  content.   Analysis  by  f lame 

photometry  indicated 6. 0070 l i thium.  Perchlorate   was  reduced  to   chlor ide by 

fusion  with  ammonium  chloride  followed  by  the  gravimetric  determination 

of the  result ing  chloride  ion.   82.0970  perchlorate  was  found  in  the  sample.  

Less than 0. O06T0 chloride  and  chlorate  were  found  in  the  sample.  The  ratio 

of 6. 00'70 Li to 82. 170 perchlorate   indicates   that   over  99. 570 of the  lithium salt 

is l i thium  perchlorate .   Any  LiO  formed on further  drying  should  have  no 

deleterious  effects as has   been  discussed  ear l ier .   About  12'70 water  is present  

in   the  sample  af ter  3 hours   drying  a t  110" C .  The  salt   was  further  drie-d  in a 

f lask at 25" C for  24  hours by evacuating  to a p r e s s u r e  of 1 torr   through a dry  

ice-acetone  trap.   Then  the  evacuated  f lask  was  heated  and  kept at 90" C for  

72  hours .   The  temperature   was  then  ra ised  and  kept   a t   140" C (under 1 t o r r )  

for  24 hours  and  finally  the  evacuated  sample  was  held  at 175" C f o r  24  hours.  

N o  additional H 0 was  found  in  the  trap at the  f inal   temperature.  2 

Resul ts  of spectrographic   analysis  of the  magnesium  chlor ide  for   t race 

const i tuents   are   reported  in   Table   39.  

h .   Li thium  chlor ide - l i thium  perchlorate  mixture  was 

prepared   f rom  an   equimolar   mix ture  of the  dr ied  sal ts  by dry  mixing. 

1. Magnesium  perchlorate  (J. T .  Baker ,   anhydrous 

Anhydrone  grade)  was  analyzed  directly  upon  removal of the  sample  f rom  i ts  

container .   Magnesium  was  determined by atomic  absorption  spectroscopy 

and 9. 83%  was  found.  The  perchlorate  anion  was  analyzed by fusion  with  sodium 

carbonate  to  effect   reduction  to  chloride.   The  chloride  was  then  determined 

by  Volhard  t i tration.  The  determination  yielded  85. 1070 perchlorates .   The 

r a t io  of 9.8370 Mg to  85.  10%  perchlorate  indicates a slight  excess of p e r -  
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chlorate  over  that   expected  for  pure  Mg(C10 ) Tota l   ha l ides   (C1- t   Br- t  I-) 

were   de te rmined   tu rb id imet r ica l ly  by measuring  the  opalescence  produced 

with  s i lver   ni t ra te   against   s tandards of known  chloride  concentrations.  Total 

halides  found  were.  0. 0007~0.   Fluoride  was  determined  by  dis t i l la t ion  with 

sulfur ic   acid  and  color imetr ical ly  by  the  Alizarin  method;  fluoride  found  was 

0. 0018%. The  total  salt content of 95%  indicates  that 570 water   was  in   the 

sample.   Therefore  the  salt   was  vacuum  dried  at  25"  C  and 1 to r r   fo r   24   hour s .  

The  vacuum  drying  was  then  continued  for 72 hours  at   250" C in   o rde r   t o   r e -  

4 2 '  

move  the  remaining  water .  

j .  Calcium  chloride  (Mallinckrodt,   anhydrous  reagent 

grade ,  40 mesh)  was  analyzed  for  major  consti tuents  directly  upon  removal 

of the  sample  from  the  container.   Calcium,  determined by oxalate   pre-  

cipitation  and  permanganate  t i tration,  was  present  in  the  amount of 35. 4070. 

Chlor ide ,   de te rmined  by the  Volhard  t i tration  method,  was  present  in  the 

amount  of  62.3970.  The  ratio of 35.40%  calcium  to  62.3970  chloride  is  very 

close  to  that   expected  for  pure  CaCl  Fluoride  was  analyzed by distilling 2 '  
with  sulfuric  acid  followed by color imetr ic   determinat ion by the  Alizarin 

Method,  The  amount of fluoride  found  was  265  parts  per  million.  The  total 

CaC12  content of 97. 870 compares  favorably  with  the  minimum  assay of 96. 0% 

CaCl  specified by  Mallinckrodt.  Mallinckrodt  specified  that  1. 0 %  magnesium 

and  a lkal i   sa l ts   are   present .   Therefore ,   the   sample  contained 1% w a t e r   o r  

less.   The  calcium  chloride  was  vacuum  dried  for a short   per iod of t ime   a t  

150"  C. 

2 

Resul ts  of spectrographic   analysis  of the  calcium  chloride  for  trace  consti t-  

uents   are   reported  in   Table   39.  
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r- 

k.  Calcium  fluoride  (Matheson,  Coleman,  and  Bell  

reagent   grade,   powder)   was  analyzed  for   major   const i tuents   direct ly   upon 

r emova l  of the  sample  f rom  the  container .   Calcium  was  determined by 

oxalate  precipitation  and  permanganate  t i tration;  percentage  calcium  found 

was  49.8070. Fluoride  was  determined by fusion of the  sample  with 

K G O  -KNO flux.  The  soluble  fluoride  was  then  precipitated  and  weighed 

as chlorofluoride.   Percentage  f luoride  found  was  47.  5470. Trace   ha l ides  

(Cl -  + B r -  + I-)  were  determined  turbidimetr ical ly  by measuring  the  opal-  

escence  produced  with  s i lver   ni t ra te   against   s tandards of known  chloride 

concentrations.  Total  halides  found  (calculated as chloride) w a s  0.0015~'. 

The  ra t io  of 49. 8 0 %  calcium  to  47. 5470 fluoride is very  c lose  to   that   ex-  

pected  for   the  pure  sal t .   The  total   CaF  content  is 97.  3%.  The  salt  was 

vacuum  dried  for a short   per iod of t ime  a t  200" C.  

2 3  3 

2 

Resul ts   of   spectrographic   analysis  of the  calcium  fluoride for  t race  const i t -  

uents  are  reported  in  Table  39.  

1. Aluminum  chloride  (Matheson,  Coleman,  and  Bell 

anhydrous  reagent   grade) .  No analysis   for   major   const i tuents   or   spectro-  

graphic   analysis   for   t race  impuri t ies   was  performed,   Instead  the  s tandard 

procedure  for   puri f icat ion by  sublimation  was  followed. A very  pure  product 

is obtained by this   procedure.  A sublimation  flask  and a receiving  f lask 

were  connected by a short  wide,  connecting  tube. A s t r e a m  of dry  ni t rogen 
I 1 was  continually  passed  through  the  sublimation  flask  and  out  through  the 

receiving  f lask.   The  ent i re   system  was  f lamed  (heated)   pr ior   to   subl imat ion 

in  order  to  degas  the  walls.   The  sublimation w a s  car r ied   ou t  by gently  heating 

(to  approximately 170" C)  the  sublimation  flask  and  the  connecting  tube  and 

cooling  the  receiving  flask  in a water  bath.  Upon  completion of the  subli-  

mation,  the  AlCl  was  kept  under  dry  nitrogen  during  cooling  and  then  during 

s torage .  
3 

185 



N o  spectrographic   analysis   for   t race  const i tuents   was  made  for   this  salt. 

m.   Potassium  hexafluorophosphate   (Ozark-Mahoning,  

98%  minimum  purity)  was  analyzed by f luor ide   ana lys i s .   The   assay   in -  

dicated  the  sample  was 99. 670 KPF  This   sa l t   was   then   vacuum  dr ied   a t  6' 
25" C and 1 t o r r   f o r  24  hours.   The  salt   was  further  dried at 130" C and 

1 t o r r   f o r  24 hours .   Since  the  sal t   may  be  recrystal l ized  f rom  water ,   i t  

was  not  expected  that  appreciable  hydrolysis  or  dissociation  would  occur 

under  the  drying  conditions.   The  small   amount of impurity  indicated by the 

ana lys i s  is probably  due  to  the  presence of lithium  oxide,  which  would  not 

be  expected  to  interfere  with  the  sweep  determinations.  

No spectrographic   analysis   for   t race  const i tuents   was  made  for   this   sal t .  

n. Phosphorous  pentafluoride  (Matheson C o . ,  9970 

minimum  puri ty)   was  used  direct ly   f rom  the  gas   cyl inder  as described  in 

Section 3 (Solution  Preparation). 

0. Boron  tr if luoride  (Matheson C o . ,  

C .  P. grade ,  99 .  570 minimum  puri ty)   was  used  direct ly   f rom  the  gas   cyl inder  

as described  in  Section 3 (Solution  Preparation).  

P.  Lithium  hexafluorophosphate  and  lithium  tetrafluoroboratc 

have   apprec iab le   d i ssoc ia t ion   pressures   a t   25"  C. Therefore   these   mater ia l s  

were  prepared  in-s i tu   f rom LiF + PF and LiF + B F  respect ively,  as de.s- 

cribed  in  Section 3 (Solution  Preparation).  
5  3 

3 .  Solution  Preparation 

All   mater ia ls   were  s tored  af ter   drying  in   c losed  containers  iri a glove  bag 

under  nitrogen.  All  manipulation of solvents  and  solutes was accomplished 
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in  the  dry  box  under  nitrogen.  Where  necessary,   cooling  was  furnished by 

a cold-finger  which  was  f lame-dried  and  posit ioned  in  the  exterior  wall  of 

the  dry  box.  After  cooling  with  the  cold-finger,  the  flask  in  which  the 

solution  was to be  prepared  was  posi t ioned  around  the  cold-f inger   while  

coolant  was  added  externally.  Usually  the  rate of addition of solute  was 

controlled s o  as to  maintain  the  temperature  in  the  solution  f lask at -5"  to 

10" c. 

The  procedure  used  in   preparing  the  solut ion  was  to   prepare  an  ini t ia l   solu-  

tion  in  such  proportions as to  yield a 0 .5  m solution. If the  solute  was  in- 

sufficiently  soluble,   the  solution  was  allowed  to  stand  overnight,  (48 hours  

in  the  mixed  salts)   f i l tered,   and  the  conductivity  determined. If the  solute 

was  soluble ,   an  increment  of solute  (sufficient  to  bring  the  solution  to 0 .  75M) 

was  added  and  the  conductivity  redetermined. If the  conductivity  had  not 

changed by 0 . 5  x ohm  cm  (n  being  the  same  order as that  in  the 

ini t ia l   conduct ivi ty   measurements)   the   solut ion  was  f i l tered  and  used  a t  this 

concentrat ion  for   the  cycl ic   vol tammetry  procedure.  If the  conductance 

changed  by  more  than  0 .5  x ohm  cm , the  incremental   addition  pro- 

cedure  w a s  repeated  until  the  change  in  conductivity  was  less  than 0. 5 x10 
-n 

ohm  cm . Subsequent   preparat ion of new  batches of the  same  solution 

were  prepared  direct ly   a t   that   concentrat ion  giving  this   opt imum  conduct ivi ty .  

In all cases ,   conduct ivi t ies   were  redetermined  for  all newly-prepared  solu-  

t ions 

- 1   - 1  

- 1   - 1  

-1  -1 

Conductivity  measurements  were  obtained  at  1000 cycles  per  second  using 

an  Industr ia l   Instruments   Inc.   Model  RC 16B2  conductivity  bridge. A 

Tektronic  Type 536 osci l loscope  was  placed  in   the  detector   arm  for   in-  

creased  nul l   sensi t ivi ty .  

Solutions of l i thium  chloride - aluminum  chlor ide  were  prepared by  initially 
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saturat ing  150  ml  of solvent  with  excess  LiC1.  An  equimolar  quantity of 

aluminum  chloride  was  added  to this solut ion  over  a 2-hour   per iod   a t  0" t o  

5" C .  If sa tura t ion   was   main ta ined   a f te r   s t i r r ing   for   24   hours  at room  t emper -  

a ture ,   the   solut ion  was  f i l tered  and  used.  If saturat ion  was  not   maintained,  

fur ther   solute   was  added as descr ibed  above.   Since  the  complex salt 

LiA1C14 w a s  not   prepared by the  fusion  procedure,   no  assumption of d i s -  

solved  AlCl - ion  will  be  made,  and  such  systems  will  be  described as 

mix tu res  of LiCl  and  AlCl  Equimolar  solutions of l i thium  perchlorate  - 

a luminum  ch lor ide   were   p repared  as descr ibed  above  for   LiCl  - AlCl  ex-  

cept  that   the  AlCl  was  added  at   -15" C .  

4 

3' 

3 

3 

P repa ra t ion  of PF BF3,   and  l i thium  sal ts  of complex  f luorides   required 

special   handl ing.  
5' 

a. PF solutions 
- 5  

The   s ta in less   s tee l  gas manifold  used  for   the  preparat ion of PF solutions 

is   shown  in   Figure 69  . The  manifold  was  conditioned by evacuating  for 

severa l   hours   a t   0 .05   mm,   re f i l l ing   wi th  PF to  15  psig,   and  re-evacuation 

to   remove   any   gaseous   reac t ion   products .  

5 

5 

After  f i l l ing  the  three-neck  f lask  with  about 240  m l  of solvent   in   the  iner t  

a tmosphere   chamber ,   the   pyrex   gas   in le t   tube  of the  f lask  was  connected 

to  the  manifold by means  of a short   Tygon  connector .   The  ent i re   system 

was  then  f lushed  with  nitrogen.  After  removal  of  nitrogen by evacuation, 

the  gas   bulbs   were  f i l led  to  60  psig  with PF The  latter  was  then  slowly 

introduced  to   the  solvent   a t  a rate  al lowing  complete  absorption of the   gas .  

The  amount of gas  being  absorbed  was  monitored by the  oil-fi l led  bubbler 

on  the  gas  exit   tube.   Following  solution  preparation,  the  gas  exit   tube  was 

rep laced  by a special   d ip   tube  which  a l lowed  direct   t ransfer  of the  solution 

to   the  measurements   involving  e i ther  PF of BF  so lu t ions .   The   ce l l   was  

5' 

5 3 
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Figure 69. Schematic of apparatus  for  preparing  complex  fluoride salts in-situ. 



not   placed  in   the  dry  box  in   order   to   avoid  possible   contaminat ion of the 

chamber   with  these  gases .  

Al l   so lu t ions   were   p repared   a t   room  tempera ture .  In the  case of dimethyl- 

formamide,   propylene  carbonate ,   and  acetoni t r i le ,   there   was  evidence of 

deposition of a solid  complex  on  the  walls of the  gas  addition  tube.  (The 

complex  was  apparent ly   soluble   in   the  solvent) .   Solut ions of PF in  di- 

methylformamide  and  propylene  carbonate  were  colorless  and  did  not  dis-  

co lor   a f te r   severa l   hours .   The  PF -acetronitri le  solutions  were  yellow. 

This   co lor   pers i s ted   for   severa l   hours  but  could be removed by the  addition 

of LiF.  The  addition of PF to  butyrolactone  caused  immediate   discolorat ion 

of the  solution  which  intensified on longer  standing. 

5 

5 

5 

b. BF  so lu t ions  - 3  

Solutions of BF   were   p repa red   i n   t he   s ame   manner  as for  PF except  for  the 3 5 
fact  that   the  solvent  temperature  was  usually  maintained  at   8-10'  C in   o rde r  

to   increase  the  apparent   BF  solubi l i ty .   After   BF  addi t ion  was  completed,  

the  solution  was  allowed  to  warm  to  room  temperature  before  transferring 

to  the  conductance  or CV measuring  cel l .   As  in   the  case of PF addition of 

BF  to   butyrolactone  caused  extensive  discolorat ion.  

3 3 

5' 

3 

C .  LiPF, and  LiBF  solutions 
U 4 

Solutions of L i P F   a n d   L i B F   w e r e   p r e p a r e d   i n  a manner   s imi la r   to   tha t  

described  above  except  that  a known  quantity of LiF was  suspended  in  the 

solvent  before  addition of the PF o r  BI? respect ively.   Essent ia l ly  all of 5 3 
the   LiF  dissolved on addition of equimolar  quantit ies of the  gases,  indicating 

relatively  complete  formation of the  complex  fluoride  salts.  Additions 

were  carr ied  out  at 8 - 1 0 ° C .  

6 4 
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Since PF appeared   to   reac t   in  a deleterious  manner  with  butyrolactone, 

the  preparation of LiPF in-s i tu   was  not   deemed  advisable ,   Direct  

react ion of LiF with PF was  attempted  without  success.  A 5.0 g sample  

of LiF was  placed  in a nickel  tube  connected  to  the  gas  manifold.  The  tube 

was  evacuated  and  f i l led  with PF to  25  psig.   This  quantity of PF was  in-  

sufficient  to  react  with all of the  LiF.   Even  af ter   s lowly  heat ing  to  290" C ,  

no  pressure  drop  was  observed,   indicat ing  l i t t le   or   no  formation of LiPF 
6 

under  these  conditions.  An alternate  procedure  involving  solution of L i F  

in  l iquid PF a t  -88. 5" C afforded  no  product. 

5 

6 

5 

5 5 

5 

d.  g 6  2' M (PF ) C a ( P F  ) Mg(EFqj2,   and  Ca(BF ) solutions 6 2' 4 2  

The  magnesium  and  calcium  sal ts  of the  complex  f luorides   were  prepared 

as in   c .   above  f rom  MgF  and  CaF  respect ively.  In most   cases   undis -  

solved  mater ia l   remained,   e i ther   unreacted  f luoride  or   precipi ta ted  com- 

plex  f luoride.   Although  the  conductivity  compared  with  BF - or  PF - solvent 

mixture  was  generally  not  significant,   the  voltammetric  data  indicated 

marked  differences  with  the  complex  f luoride  solutions,   depending  on  the 

electrode.   Thus  a l though  BF  Mg(BF4)Z,   and  Ca(BF ) in  dimethylfor- 

mamide  all resulted  in  instrument  overload  for  zinc  and  cadmium  electrodes,  

iron  gave  overload  only  in  DMF-BF  Iron  exhibited  both  anodic  and  cathodic 
3' 

peaks  in  the  high  current  density  range  in  the  case of DMF-Mg(BF ) In 

DMF-Ca(BF4)2,   i ron  showed a very  high  anodic  peak  with  the  total  absence 

of a cathodic  peak.  Again,   the  cyclic  voltammogram of cadmium  in  pro- 

pylene  carbonate - PF exhibited a peakless   anodic   current  of 160 m a / c m  , 
and a cathodic  peak of 90 m a / c m  , although  Cd  in  PC-Ca(PF ) and 

2 2'  

3 5 

3' 4 2  

4 2 '  

2 
5 2 

6 2  
Mg(PF6)2  resulted  in  voltage  overload of the  instrumentation,  with  current 

densi t ies  of 1 . 2  amps/cm  for   the   former   so lu t ion ,   and   300-400  ma/cm 
2 2 

for  the latter solution.  Other  examples  of  varying  electrochemical  be- 

havior  exist,  indicating  that  although  the  complex  fluoride  solutions  are  not 

wel l   character ized,   exis tence of cc.r. . .plex  f luoride  ions  must  be  suspected. 
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4. E lec t rode   P repa ra t ion   and   Charac t e r i za t ion  

a. W i r e  e lec t rodes  

The  following  metals  were  used  for  electrodes:  

Copper  (Matheson  Scientific  Co. , soft  #65710-10,  0.051"  dia. ) 

Silver (E .H .  Sargent  & Co. ,  99. 5 - 99.8%  pure,  #S-85235, 0 .  051"  dia 

Nickel  (Matheson  Scientific  Co.,  pure  grade  #65730-10, 0 .  064"  dia. ) 

Cobalt   (Leico  Industries,   Inc.  , 99.  970 pure ,  0 .  040" dia .  ) 

Zinc  (Stamford  Processing  Co.  , 99. 970 pure ,  0 .  050"  dia. ) 

Cadmium  (Stamford  Processing  Co. ,  99. 970 pure ,  0 .  050" d ia .  ) 

Molybdenum  (Climax  Molybden.um  Go. , Climent   R.   (0 .040"  dia .  ) 

Indium  (Leico  Industries,  99. 9770 pure ,  0 .  032' '   dia.  ) 

I ron  (Atomergic   Chemicals   Co.  , 99. 99870 pure ,  0 .  040"  dia. , Leico 

Indus t r ies ,   Inc . ,  99. 9970 pure ,  0 .  030"  dia. ) 

Chromium  plate  (Matheson,  Coleman  and  Bell ,  9970 technical   grade 

G r o g )  

Manganese  plate  (Matheson,  Coleman  and  Bell,  reagent  grade 

MnSO * H  0, reagent   grade (NH ) SO ) 

Vanadium  (Leico  Industries,   Inc.  , 99.  870 pure,  0 .  040" dia. ) 

Lithium  (Foote  Mineral  Co. , 99.  9% pure,   extruded  to  0. 050" d i a .  ) 

Magnesium  (Leico  Industries,   Inc.  , 99.  970 p u r e ,  0 .  032 ' '  dia.  ) 

Calcium  (United  Mineral   and  Chemical  Corp. , 99.  970 pure,  0 .  92" rod ,  

machined  to  .1/4"  dia.  and  extruded  to 0 .  050"  dia.  ) 

4 2   4 2  4 

Resul ts  of spectrographic   analysis   for   t race  const i tuents   for   most   of   the  

e lec t rode   meta ls  are  given  in  Table  40. It is probable  that   the  indicated 
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TABLE  40  

SPECTROGRAPHIC  ANALYSIS O F  WIRE  ELECTRODES*  ( In   per   cen t )  

E l e m e n t  - c u a  Aga Nia c o  - ZnC C dC Mob' In 
b C 

- - 
c o  

T i  

c u  

A1 

Fe 

Si 

Mn 

Mg 

B 

Ag 

Ni 

C a  

P b  

C 

S 

S n  

Zn 

a.  

b .  

a c .  
CI 

w 

nil  nil 0. 1600 - nil  nil 

ni l  nil  0 .  0140 ni l  nil  ni l  

- 0 . 0 0 9  1 0. 0320 0.0020 0. 00057 0. 00043 

ni l  n i l  <O. 003 nil ni l   n i l  

0 .00091 <O. 001 0. 0540 0. 0050 0. 0030  nil 

ni l  n i l  0 .0500 0.00 10 0.0027 0 .0046  

ni l  nil 0 .  1300 ni l  ni l  n i l  

0.00019 0.00024 0.0320 ni l  0 .0038 0 .00030 

ni l  ni l  0. 0063 n i l  ni l  n i l  

0. 00 13 - nil  ni l  0.00094 n i l  

<o .  001 ni l  - <o.  1 ni l  <O. 0005 

0. 00078 <O. 0002 ni l  n i l  n i l  <o. 0002 

ni l  <O. 004 n i l  n i l  0 . 0 2 0  <O. 005 

- - - 0 .0400  - - 
- - - 0. 0300 - - 

nil  nil nil  n i l  0. 0072 n i l  

ni l  nil ni l   n i l  - 0.043 

E m i s s i o n   s p e c t r o g r a p h y   b y   T r u e s d a i l   L a b s . ,  Los Angeles .  

Typ ica l   ana lys i s   supp l i ed  by seller.  

E m i s s i o n   s p e c t r o g r a p h y  by P a c i f i c   S p e c t r o c h e m i c a l ,  Los Ange les .  

n i l  

n i l  

ni l  

n i l  

0.078' 

<o. 0 l C  

n i l  

ni l  

n i l  

n i l  

<o. 00 1 

n i l  

n i l  

0 .002 

b 

b 

- 
ni l  

n i l  

n i l  

n i l  

0 .00022  

n i l  

ni l  

0 .0078  

n i l  

0 .00038 

n i l  

n i l  

n i l  

0 . 0 0 1  1 

<O. 005 

- 
- 

ni l  

n i l  



T A B L E   4 0   ( C o n t ' d )  

SPECTROGRAPHIC  ANALYSIS O F  WIRE  ELECTRODES::   ( In   per   cent)  

E l e m e n t  - Fe'(99.99) - Fe'(99.998) %(Ni)' K ( N i ) '  - VC - Li b - Mgb 

c o  

A1 

c u  

C r  

Fe 

Si 

M n  

Mg 

*K 

Ag 

Ni  

C a  

P b  

C 

B ,   Cd  

S n  

c1 
Mo 

0. 0064 

n i l  

0.  14 

0 .02  1 

- 

n i l  

0.  093 

nil  

n i l  

n i l  

0.  024 

n i l  

n i l  

- 

0 . 0 1 6  

n i l  

0.  032 

n i l  

n i l  

< O .  0005 

n i l  

- 

n i l  

n i l  

n i l  

.nil 

n i l  

n i l  

nil 

<o. 010 

- 
ni l  

n i l  

< O .  003 

n i l  

n i l  

nil 

- 

ni l  

0.  017 

ni l  

n i l  

n i l  

n i l  

0 .019  

n i l  

nil  

- 
nil 

n i l  

n i l  

n i l  

n i l  

0 . 0  14 

0 . 0 0 4 1  

0. 019 

< O .  005 

- 
0 .  0048 

n i l  

0. 0023 

0. 025 

0. 0070 

n i l  

- 
ni l  

nil  

nil  

n i l  

n i l  

n i l  

n i l  

0 . 0 2 0  

0 .060  

n i l  

n i l  

n i l  

n i l  

n i l  

n i l  

n i l  

0. 032 

- 

ni l  

nil 

0 . 0 2 0  

b .   T y p i c a l   a n a l y s i s   s u p p l i e d   b y  seller.  

C .  E m i s s i o n   s p e c t r o g r a p h y   b y   P a c i f i c   S p e c t r o c h e m i c a l ,   L o s   A n g e l e s .  

* T h e   s a m e   a n a l y s i s   w a s   o b t a i n e d   f o r  Li a n d   N a .  

n i l  

0 .0005  

n i l  

nil  

0 . 0 0 0 5  

0 . 0 0 1  

nil 

n i l  

0 .  07 

n i l  

n i l  

0 . 0 0 0 1  

n i l  

- 
n i l  

0 .  04 

n i l  

n i l  

0 . 0 0 5  

n i l  

n i l  

0.00 1 

0. 005 

0 . 0 0 4  

- 
ni l  

n i l  

0 . 0 0 1  

n i l  

n i l  

- 
n i l  

n i l  

n i l  

C a  
b - 

n i l  

0 . 0 0 9 0  

< O .  004 

< O .  004 

<O. 004 

n i l  

< O .  004 

n i l  

<o. 00 L 

n i l  

< O .  004 

- 
n i l  

- 
<o.  0002 

n i l  

n i l  

n i l  



impurit ies  do  not  affect  the na ture  of the   e lec t rochemica l   p rocesses   in -  

volved  in the e lec t rochemica l   measurements .   The   e lec t rodes   were   used  

without   any  pre- t reatment   other   than the ten  cycl ic   vol tammetr ic   sweeps 

m a d e   p r i o r   t o  the final  sweep. 

The   chromium  and   manganese   e lec t rodes   cons is ted  of these metals plated 

onto  nickel .   Spectrographic   analyses   were  performed on samples  of the 

electroplate  taken by scraping off the  plate .   The  manganese  plat ing  was 

done as follows  The  nickel  wire  was  cleaned  in a 2 0  weight 70 H SO bath 

f o r  20  minutes .  A one  inch  length of the 0.050"  dia .   n ickel   wire   was  then 

e lec t ropla ted   for  2 1 / 2  hour s  at 50 m a  at 45" C in  an  aqueous  bath  consisting 

of 100 g r a m s / l i t e r  of MnSO- H 0 and 130 g r a m s / l i t e r  of (NH ) SO A 

lead-si lver   anode  was  used.   The  bath  was  degassed  with N Typically, 

under   these  condi t ions  95  mil l igrams of Mn were  plated  onto  the  nickel,  

giving a good  smooth  surface.  

2 4  

4 2  4  2 4 '  

2 '  

The  chromium  plating  was  done as follows.  The 0. 050"  nickel  wire  was 

cleaned by cathodic  treatment  in a 10 weight 70 H SO bath  for  15 seconds 

at 150 m a / c m  . The  wire  was  then  allowed  to sit in  this  solution  for  an 

additional  f ive  minutes.  

2 2 4  

A one  inch  length of the  cleaned  nickel  wire  was  then  electroplated  for 5 

hour s  at 400 m a  at 45" C in  an  aqueous  bath  consisting of 230 g r a m s / l i t e r  

of CrO  and   5cc / l i t e r  of concentrated H SO A lead-silver  anode  was 

used.  Typically,  under  these  conditions 70 mg of chromium  were  plated 

onto the nickel. A bright,  tightly  adhering  plate  was  obtained. 

3 2 4 '  
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b.  Fluoride,   chloride,   and  oxide  wire  electrodes 

Fluoride  e lectrodes  were  prepared  by  exposing  short   lengths  of 0.  040 - 
0. 060" dia .   wire  of the desired  metal   to   pure  f luorine  (Matheson Go. , 98.  0% 

pur i ty)   in  a n icke l   (pass iva ted)   reac tor  at 30 ps ia  ( 2 0 "  C )  under  the  conditions 

given  in  Table 41. (Prior   to   heat ing,   the   reactor   was  evacuated  and  f i l led  with 

a rgon  at 20"  C and 15 psia   four   t imes,   before   f luorine  was  f inal ly   admit ted  and 

the heating  begun. ) Evidence of reaction  was  indicated  by a 1-27'0 weight  gain 

and  a change  in  visual  appearance.   (A  typical  weight  gain  was 15 mg   fo r  a 

3 -inch  length of Cu  wi re .  ) 

TABLE  41  

FLUORINATION  CONDITIONS 

Metal 

Ag 

c o  

c u  

N i  

Z n  

Cd 

In 

F e  

Exposure   T ime   (hour s )  

5 

7 

4 

14 

8 

4 

L 

6 

Tempera tu re ,  O C 

100 

480 

480 

6 0 0  

350 

270 

100 

350 

Chloride  e lectrodes  were  prepared by  exposing  short  lengths of 0.  040 - 
0 .  060" dia .   wire  of the  desired  metal   to   pure  chlor ine  (Matheson Go., 99.  5% 

minimum  puri ty)   in  a n icke l   (pass iva ted)   reac tor   a t   45   ps ia   (20"   C)   under   the  

conditions  given  in  Table  42.  The  chlorination  procedure  was  similar  to  that 

given  for  fluorine  above. 
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TABLE 42 

CHLORINATION  CONDITIONS 

Color  of 
Metal   Chlor ide 

Ag  white  (AgC1) 

c u  brown  (CuC1 ) 

c o  blue (COG1 ) 
2 

2 
N i  yellow  (NiC1 ) 2 

Exposure  
T i m e   ( h o u r s )   T e m p e r a t u r e ,  C 

16 

20  

2 00 

25 

2 0  380 

6 680 

Copper,   nicke1,and  cobalt   oxides  were  prepared by  heating  the 0. 040 - 0 . 0 6 0 "  

d i a .   me ta l   w i re s   i n  a s t r e a m  of air in a vycor  tube  furnace at 15 psia   under  

the  conditions  given  in  Table  43.  The  cobalt  wire, as received,  had a black 

coat ing  which  was  removed  with  emery  c loth  pr ior   to   heat ing.  

TABLE  43 

OXIDATION  CONDITIONS 

Metal 

c u  

G o  

Ni 

Exposure   T ime   (hour s )   Tempera tu re ,  O C 

0 . 3  2 0 0  

1. 5 365 

1.0  300 

After   preparat ion of  the  above  fluorides,  chlorides  and  oxides,  they  were 

allowed  to  coo1,and  their   atmospheres  were  replaced by dry  nitrogen  under 

which  they  were  s tored.  
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Attempted  preparat ion of s i lver   oxide  wire   e lectrode  by  heat ing  in  air was 

not   successful ;   ins tead  these  e lectrodes  were  prepared  by  e lectrolyt ic  

oxidation of 0.  050"  dia .   s i lver   wire  at 25" C at 2 .0   ma /cm  ( cons t an t  

current   supply)   in  a 30 weight % KOH solution  against  a s i lver   counter -  

e lectrode.   After   about  5 minutes ,   the   vol tage  reached its second  plateau 

and  the electrolysis   was  s topped.   The  oxidized  e lectrode  was  then  washed 

with  water ,  air dried,   and  f inally  dried  under  vacuum at 25"  C. 

2 

Although  the  specific  compositions of the  f luoride,   chloride,   and  oxide 

electrodes  were  not   invest igated,   these  e lectrodes  gave  reproducible  r e -  

sul ts   in   the  vol tage  sweep  measurements .  

C .  S in te red   e lec t rodes  

Porous ,   s in te red   meta l   e lec t rodes   (2 .  0 cm x 2. 0 c m )   w e r e   u s e d   t o   m e a s u r e  

discharge  capacity as a function of charge  inputs.   The  zinc  and  cadmium 

e lec t rodes   were   p repared  by a propr ie ta ry   chemosin ter ing   process ,   us ing  

-100mesh  metal   powder   pressed  onto  nickel   gr ids .   Sintered  copper   fe l t   e lec-  

trodes  were  obtained  from  Huyck  Metals  Company.  Standard  silver  plates 

f rom  s i lver   oxide - zinc  bat ter ies   were  provided  by  the  Power  Sources  

Division  of  Whittaker  Corporation.  These  were  charged to si lver  oxide,   in 
2 2 KOH at 2 ma /cm  to  a specific  capacity of 10 coul /cm of e lectroact ive 

ma te r i a l .  

Silver  f luoride,   copper  f luoride,   zinc  f luoride,   and  copper  chloride  elec- 

t rodes   were   p repared  by d i rec t   reac t ion  of the metal with  the  active  gas.  

The  react ion  was  carr ied  out   in  a closed  passivated  nickel   reactor   system 

wi th   p re s su re  set at 30  psig  (25"  C),  and  with  an  argon-to-active  gas  ratio 

chosen s o  as to  l imit   the  extent of reaction  to  about 20  cou l / cm , assuming 

complete   react ion.   Control   e lectrodes,   weighed  before   and after react ion,  

were   used   in  all preparat ions to estimate  the  amount of r e a c t e d   m a t e r i a l   p e r  

unit area on the  e lectrode  surfaces .  
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I Some  typical   f luorinat ion  and  chlor inat ion  condi t ions are  given  in  Table 44. 

TABLE 44 

FLUORINATION AND  CHLORINATION OF  SINTERED  METAL  ELECTRODES 

Charge 

Meta l   Exposure   T ime   (hour s )   Temp. ,  O C (coul /cm ) 
2 

C u F  
2 

ZnF2 

AgF2 

CUCl2 

15. 0 

17. 0 

1 . 5  

50. 0 

550 

350 

9 0  

250 

9 

15 

15 

20 
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B.  Cycl ic   Voltammetr ic   Measurements  

1. Instrumentation 

The  instrumentat ion  employed  for   the  cycl ic   vol tammetr ic   measurements  is 

schematically  shown  in  Figure 70. Basic   to   the  method is a potentiostat  which 

maintains  the  voltage  between  the  reference - working  electrode  couple at a 

value  equal  to  the  sum of the  input   reference  vol tages   represented by  the  dc 

reference  and  funct ion  generator   values .   The  potent iostat   accomplishes   this  

by  controlling  the  current  between  the  working  and  counterelectrodes.  The 

potentiostat   senses  the  difference  between  the  reference - working  electrode 

voltages  and  the  sum of the  reference  input  voltages  by  means of a high  gain 

amplif ier   system,  and  feeds  the  output   through  the  working  e lectrode - 

counterelectrode  couple.   This  amplifier  has  high  input  and  low  output  im- 

pedance,  and a r i s e - t ime   l e s s   t han  10 sec.   The  system  permits   the 

measu remen t  of current-vol tage- t ime  re la t ionships   under   wel l -def ined  condi  - 

t ions.  No voltage  change is possible at the  reference  e lectrode,   and  the 

measurements  reflect   only  the  voltage  changes at the  working  electrode - 

electrolyte  interface  independent of ohmic  losses   through  the  e lectrolyte   and 

polarization at the  counterelectrode. 

-4 

The  potentiostat  was  designed  and  built  at  Whittaker R and D .  Employing 

sol id   s ta te   operat ional   amplif iers ,   the   instrument   was  l imited  to  f 10 volts 

a t  100 ma.   Use of a Harr ison  type 6824A current   amplif ier   extended  the 

capability  to  100  volts  peak-to-peak at 1 . 2  amp.  The  function  generator  was 

a Hewlett   Packard  Model 3300. Voltammograms  were  recorded  using  the 

Moseley  type 7035A X - Y  recorder .   The  dc  reference  vol tage was a s imple 

circui t   consis t ing of mercury   ce l l s   in   se r ies   wi th  a 10-turn  precision  poten- 

t iometer   and a voltage  tr im  pot.  
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POTENTIOSTAT 

I I I 

POWER 
AMPLIFIER 

> 
> 

r e f e r e n c e  
electrode  counterelectrode 

" 

working  e lectrode - - 
CELL 

F igure  70. Block diagram of ins t rumenta t ion .  
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2 .  Measurement   Procedure  

The  dc  reference  vol tage  was set at the  value of the  open  circuit  voltage  of 

the  working  electrode.  The  function  generator  was  then set at the  desired 

frequency  with  an  output  amplitude of 2 .  0 v peak-to-peak,   causing  the  instru-  

ment   to   scan  1. 0 volt  anodic  to  1. 0 volt  cathodic  with  respect  to  the  open 

circui t   potent ia l .   With  the  recorder  at minimum  sensit ivity  to  prevent  over- 

loading,  the  instrument  was  switched  to  the  cell  just as the  function  generator 

vo l tage   passed   th rough  zero .   The   ce l l   was   a l lowed  to   cyc le  at least 10 t imes  

a t  2 0 0  mv/sec,   dur ing  which  t ime  the  current   sensi t ivi ty   was  increased  unt i l  

the  pattern  covered a maximum  area.   During  this   t ime  the  pen  was left in 

the  'hp"  posi t ion.   After  10 cycles   had  passed,   the   pen  was  switched  to   the 

"down"  position  and a recording  made,  unless  the  voltammogram  was  st i l l  

undergoing  an  obvious  change, at which  t ime  further  cycling  was  permitted 

pr ior   to   recording.   Voltammograms  were  obtained  in   t r ipl icate  at this  sweep 

rate.   Individual  recordings  were  also  made at 8 0  and 40 mv/ sec .   Compar i son  

of systems  was  made  a t   the   lowest   sweep rate. 

In   the  ear ly   par t  of the  program,for   those  systems  where  l i t t le   or  no e lec t ro-  

chemical   react ion  occurred,   the   sensi t ivi ty  of the  instrument  w a s  sufficiently 

increased  unti l  a pa t te rn  w a s  observed on the X-Y recorder .   S ince   th i s  

pat tern  was  invariably a flat e l l ipse  typical   for  a leaky  capaci tor ,  it was  de-  

c ided  to   set  a maximum  sensit ivity  to  avoid loss of t ime  in  at tempting  to  ob- 

ta in   an  X-Y pa t te rn   for  a system  obviously  having  no  interest .   This  maximum 

sensit ivity  was  equivalent  to 0.  1 ma/cm  per   cm  length   measured   a long   the  

Y-axis. This  f igure  was  well   below  the,unit   divisional  sett ing  for  the  poorest  

systems  containing  an  e lectroact ive  species ,  so  there  was  no  danger of e l imi-  

nating  any  systems  that   might be of i n t e re s t .  

L 

The  voltage  scan  was  always  in  the  clockwise  direction,  becoming  more  pos- 

i t ive  to   the  r ight ,   and  more  negat ive  to   the  lef t ,  s o  that  the  anodic  reaction 



occurs  above  the  X-axis  (voltage axis), and the cathodic  reaction  below this 

axis. For   the   sc reening  of posi t ive  plate   mater ia ls ,   th is   corresponds  to   the 

charge  reaction  above  the  X-axis,   and the discharge  reaction  below  this 

axis. In screening  the  negat ive  plate   mater ia ls ,   the   anodic   and  cathodic  

reac t ions   remain   o r ien ted  as above,  but  these now rep resen t  the discharge 

and  charge  react ions  respect ively.  

3 .  Instrument  Overloading 

A number  of e lec t rochemica l   sys tems  were   exceedingly   ac t ive ,   resu l t ing   in  

c u r r e n t s   i n   e x c e s s  of 1. 2 amps  causing  current   overload of the  amplifier.  

This   in   turn  resul ted  in   dr iving  the  amplif ier   vol tage  to   an  overload  condi-  

t ion   (grea te r   than  * 50  v) .   The  effect   was a sharp  break-off on  the X Y  pat tern 

preventing  the  recording of the  voltammogram.  Many  other  systems  also 

exhibited  voltage  overload,  but  without  the  accompanying  current  overload. 

T h i s  is due  to  the  relatively  low  electrolyte  conductance  accompanied  by  an 

apprec iab le   cur ren t  so that  the * 50 v l imi t  of the  instrument is exceeded. 

Although  both  cases  cause  voltage  overload of the  instrument ,   in   order   to  

d i s t inguish   those   sys tems  having   cur ren ts   g rea te r   than  1200 ma   ( i r r e spec t ive  

of the  solution  conductivity)  from  those  in  which  the  currents  are  sufficiently 

high  (but less  than 1200 m a ) ,  but  which  possess a relatively  low  conductance, 

the   t e rm  cur ren t   over load   was   reserved   for   the   former ,   and   vo l tage   over -  

load   for   the  latter. The  approximate  maximum  current  (both  anodic  and 

ca thodic)   for   the   l a t te r   sys tems is  indicated  on  the  amplifier meter,  s o  could 

be  noted  and  recorded. A max imum  cu r ren t  of 1200 ma   co r re sponds   t o  a 

cu r ren t   dens i ty  of 4. 8 a m p s / c m   f o r  a 1/4  inch  length  electrode,  indicating 

the  excessively  high  non-steady  state  current  densit ies  available.   During  the 

ea r ly   pe r iod  of the  program,  instrument   overload  was  infrequent ly   observed 

s o  no   cu r ren t   r eco rd ings   were   made .  

2 

F o r  a number  of systems,   vol tage  overload  did  not   occur   even  though  the 
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electrolyte  conductance  was  one  and  two  orders of magnitude  lower  than 

systems  giving  overload.   This   occurred  whenever   currents   were  exceedingly 

low,  owing  to  poor  availability of e lectroact ive  species   (very  low  solute  

solubility) . 

4. Electrochemical   Cel l  

Cycl ic   vol tammetr ic   measurements   were  made  in  a 3-electrode  type  cell 

shown  in  Figure 7 1. The  reference  e lectrode  compartment   and that of the 

main  cel l  are fi l led  with  the  same  electrolyte  to  prevent  solution  junctions 

leading  to   vol tage  errors .   The two compar tments   a re   a t tached   to   each   o ther  

via  an  electrolyte  bridge  culminating  in  the  main  compartment at a luggin 

capillary.   The  t ip of the  luggin  capillary is  notched  in a ver t ical   d i rect ion,  

allowing  the  reproducible  positioning of the  working  electrode.  The  cell is 

equipped  with a ground  glass  ball-joint  connection  for  the  working  electrode 

compartment.   The  ball-joint   facil i tates  the  posit ioning of the  electrode  into 

the  luggin  capillary  notch,  and  the  joint  clamp  holds  the  electrode  rigidly  in 

place  during  the  measurements.  

The  working  electrode  was  generally a 50-mil  diameter  wire  contained in a 

glass  capil lary  tube  capped at the  end  by a Teflon  plug.  The  capillary  tube 

was  covered  with  Teflon  tape  in  the  region of the  vertical   tube  portion of the 

glass  bal l - joint .   This   assured a snug f i t  and  permit ted  l imited  ver t ical  

adjustment  of the  capillary  tube s o  that  the  working  electrode  could  be  pro- 

perly  set  in  place  in  the  luggin  capillary.  The  Teflon  plug  was  machined 

from  Teflon  rod  to a slightly  undersized f i t  for  the  glass.  The  hole  through 

the  Teflon  plug  was  also  undersized.  The  cold  flow  property of Teflon re -  

sulted  in a good  seal.  The  wire  was  normally  exposed  to a 1 inch  length, 

and  was  renewed by  pulling it out  further  and  cutting  away  the  used  portion. 

For  those  systems  having  high  activity,   i t   was  necessary  to  expose a shor t e r  

length  in   order   to   reduce  the  current   requirement .  
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Pt  reference  electrode 

capillary  tube  containing 
wire  working  electrode 

silver  counterelectrode 

Teflon plug 

notched  Luggin  capillary 
holding wire working electrode 
in  place 

Figure 7 1 .  Measuring  cell  for  cyclic  voltammetry 
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The  ful l   exposure of the 1 inch  length of the  50-mil  diameter  electrode 

gave  an  apparent   surface area of 1 cm . L 

The  counterelectrode  consisted of a s i lver   screen  tube  total ly   surrounding 

the  working  electrode  to  insure  good  current  distribution. A platinum 

"reference"  electrode  was  used  only  for  the  purpose of establishing a z e r o  

reference  point  for  the  cyclic  voltammogram.  Important  to  the  screening 

was  the  nature of the  charge  and  discharge  peaks,   and  their   orientation 

relat ive to each  other,   obviating  the  need of a t rue   re fe rence   e lec t rode .  

5. Effect of ir  Drop on  Cyclic  Voltammograms 

Figure  7 2  shows  the  effect  of solution ir drop  on  the  peak  shape.  The  cyclic 

vol tammograms  were  obtained by  placing  the  working  electrode  in  the 

normal  posit ion  in  the  notched  luggin  capil lary,  thei1 moving  i t   fur ther   f rom 

the  capillary.  Curve A shows  the  cyclic  voltammogram  obtained  with  the 

working  e lectrode  a t  its proper  posit ion  at   the  luggin  capil lary.   Curve B 

was  obtained  by  moving  the  working  electrode 2 - 3  rnm  from the luggin,  and 

Curve C ,  4 - 6  mm  dis tant .   Measurements   were  then  repeated.   us ing  an ir 

compensating  circuit ,   and  with  the  working  electrode  st i l l .  4 - 6  mm  f rom  the  

luggin  The  resulting  sweep  curve  coincided  with  Curve A .  

These   resu l t s   es tab l i shed   tha t  as long as the  working  electrode  was  main- 

tained  at   the  prescribed  posit ion  in  the  luggin  capil lary  notch,  the  cyclic 

vo l tammograms w0:11d not  be  distorted  or  blanked  out by solution  resistance.  

This   permi t ted   measurements   to  be made  without  the  use of a res i s tance  

compensating  circuit ,   which  would  have  complicated  and  restricted  the  scope 

of the  program. 
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C. Galvanostat ic   Charge  -Discharge  Measurements  

On completion  of  the  screening  program by  cyclic  voltammetry,   recom- 

mended  sys tems  were   fur ther   charac te r ized  by charge  and  discharge of 

s intered  e lectrodes.  

Tests   were  conducted  in  a 3-compartment  ce ' l l ,   with  the  working  and  refer-  

ence  e lectrodes  posi t ioned  in   the  central   compartment ,   and  the  counter-  

e lectrodes  in   the  outer   compartments .   Cel l   d imensions  were  such as to  

provide at l e a s t  a ten-fold  excess of electrolyte  to  the  working  electrode at 

current  densit ies  well   above  those  used  in  these  tests.   The  cells   were  con- 

s t ructed  f rom  polypropylene  sheets   (3  x 2 1 / 2  x 1 /8  inch),cut  in  appropriate 

shapes of s ides   and  spacers   to   form  the  compartments   when  assembled.  

The   separa te   par t s   were   fused   toge ther   a long   the   ou ter   edges   us ing  a heat  

torch.  The  working  electrode  was  posit ioned  in  the  current  path  provided 

f o r  by 1.8  cm  bore  diameter   holes   in   the  spacers   separat ing  the  working 

and  counterelectrode  compartments .   Total   exposed  e lectrode  area  was 

5.  0 cm . Pyrex  f r i t ted,   g lass   disks   (Corning F) were  affixed  with a poly- 

propylene  melt   onto  the  spacers  to  act  as separators   and  re tard  diffusion of 

reaction  by-products  from  the  counterelectrode  compartments.   Figure 73 

shows  an  i l lustration of the   t es t   ce l l .  

2 

The  working,   counter- ,   and  reference  e lectrodes  consis ted of  the  same 

metal   for   any  given  tes t .   Porous,   s intered,   working  e lectrodes  were  used.  

The  zinc  and  cadmium  electrodes  were  prepared by a chemosinter ing  pro-  

cess ,   us ing  -100  mesh  metal   powder   bressed  onto  nickel   gr ids .   Sintered 

copper  felt   electrodes  were  obtained  from  Huyck  Metals  Company.  Standard 

s i lver   plates   f rom  s i lver   oxide - zinc  batteries  were  provided by  the  Power 

Sources  Division of Whittaker  Corporation.  These  were  charged  to  si lver 

oxide  in KOH at 2 ma /cm  to  a specific  capacity of 10 coul /cm of e l ec t ro -  

ac t ive   mater ia l .  

2 2 
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Figure 73. Experimental   cel l .  

C ounte r ele  ctr   ode 
Compar tments  

Working  Electrode 
Compartment  

7 

Working  Electrode 
Compartment  Detail 

Showing  openings  to 
counterelectrode 
compartments .   (During 
charge  -discharge  ex- 
per iments ,   these  were 
covered by pyrex  glass  
frits. ) 
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Silver  f luoride,   copper  f luoride  and  copper  chloride  electrodes  were  prepared 

by  direct   react ion of the  metal   wi th   the  act ive  gas .   The  react ion  was  carr ied 

out  in a c losed   sys tem  wi th   p ressure   se t  at 3 0  psig  (25"  C) ,   and  with  an  argon-  

to-ac t ive   gas   ra t io   chosen  so as to   l imi t  the extent of reaction  to  about 2 0  

coul /cm , assuming  complete  reaction.  Control  electrodes,   weighed  before 

and  af ter   react ion,   were  used  in  all preparat ions  to   es t imate   the  amount  of 

reac ted   mater ia l   per   un i t  area on  the  electrode  surfaces.   In all cases ,   the  

weight  gain  on  the  control  electrodes  corresponded  to  between  20  and  25 

coul /cm . Counterelectrodes  were  made  e i ther   f rom  metal   sheet   or   wire  

coi ls   ( total   surface area = 100 cm ). Reference  e lectrodes  consis ted of the 

corresponding  f luoride  in  wire  form. 

2 

2 

2 

All  test   solutions  were  saturated  with  respect  to the corresponding  electrode 

mater ia l .   This   was   done   in  a two  compartment  H-cell  by  subjecting  electrodes 

to  a constant   current  of 10 m a / c m   f o r  a minimum of three   hours .   This   was  

more  than  suff ic ient   to   saturate   the  solut ions,   s ince  the  coulombs  passed ex- 

ceeded  an  equivalent  value of 40 mil l imoles/ l i ter ,   which is the  cation  con- 

centration  for  the  most  soluble of the  systems.  

L 

Since  i t   was  irnpracticai   to  sweep  cycle  the  electrodps  (due  to  electrode 

geometry  and  tes t   cel l   se tup) ,   the   e lectrodes  were  precondi t ioned by cycling 

the  cell  using a l inearly  varying  current  applied  between  the  working  and 

counterelectrodes.   This   current   var ied  between 0 and A 10 m a / c m L  at a 

cycling  freqaency of 5 seconds  per   charge-discharge  cycle .   This   f requency 

was  chosen  to  maintain  the  polarization  potential   within f 0 .  5 volts.  Pre-  

conditioning  was  carried  out  for  ten  minutes  prior  to  the  charge-discharge 

tes ts .   This   was  equivalent   to  120 charge-discharge  cycles .  

'7 
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The  charge-discharge  tes ts   consis ted of galvanostatic  charging at coulombic 

capacit ies of 0. 1,  1 .  0, 5 .0 ,  and 10 .0  coul /cm , and  discharging  to  an  appro- 

priate  cutoff  voltage  within 0. 5 volts  negative  to  the  rest   potential .   Current 

densi t ies  of 1 and 5 ma/cm  were   employed .   Tes ts   were   s ta r ted  at the  lowest 

coulombic   input ,   then   progressed   to   the   l a rger   charge   capac i ty .  A minimum 

of three  tes ts   were  made  for   each.charge  capaci ty .   Yol tage- t ime  curves   were 

recorded  during  both  the  charge  and  discharge  processes ,   measurements  

being  made  relative  to  the  reference  electrode. In cases  of charged  electrode 

sys tems  such  as with  the  copper  fluoride, a reduction  current  was  applied 

to  bring  the  electrode  to  an  initial  discharged  state.  The  regular  procedure 

was  then  followed. 

L 
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D. Chronopotent iometr ic   Measurements  

CPM  da ta   were   t aken  by operating a Whittaker  designed  potentiostat  in a 

galvanostatic  mode as shown  in  the  block  diagram  in  Figure 74. A manual  

reversing  switch  on  the  reference  voltage  input  to  the  amplifier  was  used 

f o r   c u r r e n t   r e v e r s a l .  

The  experimental   cel l   constructed  f rom  polypropylene is i l lus t ra ted   in  

F igure  73. The  working  electrode  was a flat thin  sheet ,  2 . 0  cm x 2 . 0  cm,  

and w a s  posit ioned  in  the  current  path  established by  the 1. 8 cm  d iameter  

holes   in   the  inter-compartment   spacers .   Both  s ides   of   the   e lectrode  were 

used,  giving a t o t a l   a r e a  of 5 .  0 cm . The  two  counterelectrodes  were of 

the   same  meta l  as the  working  e lectrode  for   any  given  tes t ,  as was   a l so  

the  reference  e lectrode.   The  reference  e lectrode  metal  would usually 

achieve a stable  potential,  and  proved  unsuitable  in  only a few  instances 

( in   which  case a meta l /meta l   ha l ide   re fe rence   e lec t rode   was   used) .  

2 

The  reference  e lectrode  configurat ion  consis ted of a modified  Luggin  tip 

using  1/8"  diameter  teflon  tubing as the  reference  e lectrode  compartment .  

The  teflon  tube  was  notched  to  fit  over  the  working  electrode,  thereby 

achieving a minimum  set   d is tance of the  Luggin  t ip   f rom  the  e lectrode  sur-  

face.   Roughly,   the  average ir  drops  intercepted by the  reference  e lectrode 

a t  50 m a / c m   w e r e :  0. 1  v i n   PC-LiBF  0 .  1  v in  PC-LiC104, 0 . 3  v in 

P C - L i P F  0 .  6 - 0 . 8  v in  PC-LiC1 t AlCl  and 0. 5 - 1 .0  v in B L - K P F  

N o  ir drop  correct ions  were  made  in   the C P M  figures  shown  in  this  report .  

The  positioning of the  reference  e lectrode  was  reproducible   to   the  extent  

that  the  intercepted ir drop  might  vary  by f 300/0. 

2 
4' 

6' 3' 6 '  
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CE = Counterelectrode 

RE = Reference  Electrode 

W E  = Working  Electrode 

Reference  
Voltage 

’ 

I 

Reference  

- 
L 

CELL 

Figure 74. Block  diagram  for   CPM  experimental   c i rcui t .  
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